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The Chuquicamata-El Abra district is located in the Antofagasta region of northern 
Chile, about 1300 km north of Santiago. The area is of particular geological interest because it 
hosts the giant Chuquicamata porphyry copper deposit, and at least four other porphyry 
systems. The geology of the district is varied and includes igneous, metamorphic and 
sedimentary rocks that range in age from Precambrian to Quaternary. Copper is currently 
being mined from Eocene to Oligocene age felsic porphyries at Chuquicamata and Radomiro 
Tomic, and from Eocene intrusions at El Abra. Further work is needed to establish the 
economic potential of Opache and Mansa mina, prospects that are located to the south of 
Chuquicamata. North and south of this district, Tertiary calc-alkaline intrusive complexes also 
host porphyry copper deposits, including Collahuasi, Escondida and Potrerillos. 
This study examines the geochemical characteristics of ore-bearing calc-alkaline 
intrusions, and contrasts these with intrusions that are barren of ore. To achieve this objective, 
samples were collected from 21 intrusive units. Multiple samples from each unit were 
analysed for whole rock major and trace element compositions, zircon trace element 
compositions, platinum group element compositions and plagioclase core anorthite contents. 
In addition, U-Th-Pb zircon ages were determined for each unit, making it possible to sort the 
geochemical data into chronological order. The findings from this study are presented in four 
chapters, which follow a summary of the local geological setting. 
First, this study examines the excimer laser ablation inductively coupled plasma mass 
spectrometry (ELA-ICP-MS) analytical technique and shows that it is a reliable method for 
dating young zircons by U-Th-Pb isotopes. To test this new technique, the three Chuquicamata 
mine porphyries were analysed by ELA-ICP-MS and sensitive high resolution ion microprobe 
(SHRIMP). Both techniques identify two discrete igneous events, which are discussed in 
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relation to previous geochronology and used to help explain the anomalously large size of 
Chuquicamata. 
Second, additional ELA-ICP-MS U-Th-Pb zircon ages are presented for the remaining 
intrusive units. Together with whole rock geochemical data and plate tectonic displacement 
rates, the ages are used to resolve a number of issues central to the understanding of the 
geological evolution of the district. In particular, the ages show that the Los Picas-Fortuna and 
Pajonal-El Abra intrusive suites were once part of a single batholith that was emplaced over 
ca. 5.5 m.y. 
Third, zircons from the each unit were analysed by ELA-ICP-MS for their trace 
element compositions. The zircon data, and additional whole rock geochemistry were then 
used to calculate individual Ce(IV)/Ce(III) ratios in zircon. The Ce(IV)/Ce(III) ratio depends 
predominantly on the magmatic oxygen fugacity at the time of zircon crystallisation. The 
results show that the highest zircon Ce(IV)/Ce(III) ratios, and hence most oxidising 
conditions, are associated with porphyry copper mineralization. 
Finally, variations in the major and trace element data from the Los Picos-
Fortuna/Pajonal-El Abra intrusive units were examined to help establish the controls on 
magmatic differentiation in the batholith. The whole rock data, and the geochemical 
modelling, show that porphyry copper mineralization is associated with high amounts of 
amphibole fractionation, and therefore high magmatic water contents, from intermediate 
compositions. 
The most important finding from this study is the realisation that a single magma 
chamber may survive for an extended period of time if it is located deep enough in the crust to 
maintain a temperature close to that of its surrounding country rocks. The extended lifespan of 
such a chamber may be an important factor in controlling the generation of economic 
porphyry systems because it gives the magmas the chance to become oxidised and hydrous 
enough to concentrate ore metals. 
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The first evidence we have for copper (Cu) used by man, is a Cu pendant discovered in 
what is now northern Iraq and dated at 8700 BC. Cu is one of the most significant metals to be 
used by human civilisation and for almost 5000 years, until gold was discovered in ca. 4000 
BC, Cu was the only metal worked by man (www.copper.org, 2001). Today, Cu is used in 
various industry sectors, such as telecommunications, construction, automotive, plumbing, 
power utilities, general electric circuitry and coinage. Despite alternatives to Cu in all its 
applications, it is still in considerable demand, and therefore there is a need to maintain its 
production. 
Porphyry copper systems produce very large low grade deposits, typically in the order 
of 107 to 109 tonnes from 0.4 to 1.0 % Cu. The mineralization is usually located in, or along 
the contacts of diorite to monzonite composition calc-alkaline stocks generated within 
compressional tectonic settings. The plutons are emplaced at shallow levels within volcanic 
sequences and become texturally porphyritic. Copper mineralization occurs as pervasive 
disseminations, often in the form of stockworks of veinlets. The majority of the hypogene 
mineralization is pyritic, with only accessory amounts of copper sulphides ( chalcopyrite, 
bornite) and molybdenite. Porphyry copper systems are normally associated with a concentric 
pattern of hydrothermal alteration that is centred on the stock. The innermost alteration zone is 
marked by the growth of hydrothermal biotite and potassium feldspar, and is known as the 
potassium silicate alteration zone. This is enveloped by a sericite zone, which is dominated by 
quartz and sericite. The outer zone surrounding the system is normally a propylitic alteration 
assemblage, consisting of quartz, chlorite, epidote, calcite, albite, pyrite and illite. Argillic 
alteration and silicification are often superimposed locally on this concentric pattern. 
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Otherwise uneconomic porphyry copper systems may be considered economically viable 
because the disseminated hypogene mineralization has been enriched by downward leaching 
to the water table during erosion and uplift. This process can generate copper enriched 
secondary mineral blankets, like those found at Chuquicamata. Further information about 
porphyry copper mineralization is provided by Lowell and Guilbert (1970), Gustafson and 
Hunt (1975), Sillitoe (1972; 1973; 1989), Hutchinson (1983), Dilles and Einaudi (1992), 
Evans (1993), Williams and Forrester (1995), Gilmour et al. (1995), and Camus and Dilles 
(2001). 
Porphyry copper deposits along the western fringe of the South American plate and 
hosted by Eocene to Oligocene calc-alkaline intrusions are a significant global Cu resource. In 
particular, the Chilean Eocene to Oligocene age magmatic belt hosts a number of world-class 
porphyry copper deposits. The Chuquicamata-El Abra district is located in this cale-alkaline 
belt, and contains three significant porphyry copper deposits, Chuquicamata, Radomiro Tomic 
and El Abra, in addition to the prospects Opache and Mansa mina. 
STlUDY OBJECTIVES 
The aim of this study is to help simplify the costly and time-consuming task of finding 
new copper deposits . To achieve this objective the geochemical characteristics of ore-bearing 
intrusive units, such as those found at Chuquicamata, El Abra and Radomiro Tomic, are 
compared with the geochemical signature of cale-alkaline plutonic units that are devoid of 
economic concentrations of Cu. Samples were collected from twenty one intrusive units in the 
Chuquicamata-El Abra district. Seven of these are associated with copper mineralization and 
the remainder are uneconomic. Multiple samples from each unit were analysed for their major 
and trace element whole rock compositions, zircon trace element compositions, platinum 
group element (PGE) compositions and plagioclase core anorthite contents. The samples from 
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the intrusive units were also processed for their U-Th-Pb zircon emplacement age, allowing 
the geochemical data to be sorted into the correct chronological order. 
THESIS STRUCTURE 
This thesis is divided into five chapters. The first chapter presents a summary of the 
geological setting for the Chuquicamata-El Abra district and is based on the work of previous 
researchers, current CODELCO staff and findings from this study. The subsequent chapters 
present the main results of this study. Each chapter has been submitted to international 
journals for publication, although at the time of presenting this thesis, only the first paper is in 
print (refer to section 8 of the appendix). 
Chapter two shows that the excimer laser ablation inductively coupled plasma mass 
spectrometer (ELA-ICP-MS) is a reliable tool for determining the U-Th-Pb age of young 
zircons. This chapter contrasts the zircon U-Th-Pb ages of the three Chuquicamata mine 
porphyries established by ELA-ICP-MS, with those obtained by sensitive high resolution ion 
microprobe (SHRIMP). Both methods produce analytically identical ages for the emplacement 
of the three porphyries and both identify two separate intrusive events. Together with previous 
40 Ar-39 Ar geochronology (Reynolds et al., 1998) the results of this part of the study can be 
used to speculate that the Chuquicamata deposit is probably anomalously large because it 
includes at least two superimposed magmatic-hydrothermal systems. 
Chapter three applies the ELA-ICP-MS geochronology technique to dating the igneous 
and inheritance ages of the remaining eighteen intrusive units that were sampled in the 
Chuquicamata-El Abra district. This chapter also includes limited whole rock major and trace 
element results and uses these data to help resolve a number of issues central to the 
understanding of the district. The dating results are important, since they help to confirm that 
the Los Picos-Fortuna intrusive suite is the southern equivalent of the Pajonal-El Abra 
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intrusive suite, located about 35 km to the north. In addition, the geochronology and limited 
geochemistry data suggest that the Los Picos-Fortuna/Pajonal-El Abra batholith is the product 
of a single magma chamber that remained active for over 5 m.y. 
Chapter four contains the results of ELA-ICP-MS based zircon trace element analysis 
of the twenty one intrusive units. This chapter presents a new method that applies zircon trace 
element and whole rock trace element geochemistry to qualitatively establishing the magmatic 
oxygen fugacity at the time of zircon crystallisation. The results of this part of the study 
indicate that porphyry copper mineralization is likely to be associated with relatively oxidising 
magmatic conditions. Limited PGE whole rock concentrations indicate that the ore-bearing 
units are relatively platinum enriched. Pending the need for further data, this part of the study 
suggests that high magmatic oxygen fugacities enhance the mineralization potential of calc-
alkaline magmas because they prevent the loss of chalcophile metals to magmatic sulphide. 
Chapter five presents geochemical data for the Los Picos-Fortuna/Pajonal-El Abra 
batholith. The chapter explains how with the help of geochemical modelling, the data can be 
used to establish the first order controls on typical calc-alkaline magmatic differentiation. The 
results of the geochemical modelling suggest that fractional crystallisation was responsible for 
the overall compositional evolution in the batholith, and that the composition of the cumulates 
changed from a pyroxene-plagioclase, to an amphibole-plagioclase dominated assemblage. 
The modelling shows that economic porphyry copper systems are most likely to be produced 
if water accumulates rapidly in the melt. However if water accumulates at a slower rate then 
uneconomic calc-alkaline intrusions are generated. 
·An appendix section follows chapter five, and contains an outline of analytical 
procedures relevant to this research but not included in the previous chapters. Background data 





The geological history of the Chuquicamata-El Abra district (Fig. 1.1) presented here 
is an interpretation of previous field mapping and reports by Maksaev et al. (1994), Tomlinson 
et al. (1995), Maksaev and Tomlinson (1995) and Boric et al. (1990). The oldest exposed 
rocks in the Chuquicamata-El Abra area are Precambrian to lower Palaeozoic. These rocks 
have been variably deformed and metamorphosed to produce schists, gneisses and migmatites. 
Intrusive and extrusive igneous rocks were emplaced throughout the upper Carboniferous to 
middle Triassic and these are overlain by upper Triassic to Jurassic marine sediments with 
minor volcanic intercalations. The lower Cretaceous was marked by volcanic activity and 
some sedimentation, whilst in the upper Cretaceous extensive continental sedimentary 
sequences were deposited. Significant intrusive and extrusive igneous activity followed during 
the Eocene and Oligocene. 
- • Main Andean Cordillera 
~ Domeyko Cordillera 
Q Coastal Cordillera 
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Figure 1.1. A simplified map 
showing the location of the 
Chuquicamata-El Abra district in 
northern Chile (modified from 
Reynolds et al., 1998). The three 
cordilleras are the three main 
mountain ranges in northern 
Chile. It is the Domeyko 
Cordillera that contains the rocks 
and porphyry copper deposits 
studied in this project. 
Chapter 1 
The Tertiary igneous complexes generated during this period include plutons of dioritic to 
granitic composition and now comprise a significant portion of the district's outcrop. At 
Chuquicamata, Radomiro Tomic, El Abra, Opache and probably Mansa Mina, Eocene and 
Oligocene porphyritic intrusions are associated with copper mineralization (Ossand6n and 
Zentilli, 1997; Cuadra et al., 1997; Dean et al., 1996; Pardo and Rivera, 1999; Sillitoe et al., 
1996). Miocene to Holocene cover sequences, which consist of alluvial, colluvial and aeolean 
sediments, as well as some volcanic flows, were deposited after porphyry emplacement. 
] 
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Regional plate tectonics and local structural setting 
Figure 1.2. A simplified map 
of the studied area, 
containing the approximate 
outlines of the Chuquicamata 
intrusive complex (CIC), the 
Los Picos and Fortuna 
intrusive units and the 
Pajonal and El Abra intrusive 
units. This figure also shows 
the approximate location of 
the Opache and Mansa Mina 
prospects, the West Fault, 
and the outline of the areas 
presented in Figs. 1.3 and 1.4 
(modified from Pardo, 1998; 
Tomlinson et al., 1995). 
Since the Jurassic the changes in stress pattern have led to normal, thrust and strike-
slip faulting, in addition to widespread folding (Reutter et al., 1996). The West Fault zone, 
which is part of the north-south Domeyko Fault System that extends for over 2000 km, is one 
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product of this deformation (Lindsay et al., 1995; Reutter et al., 1996; Dilles et al., 1997; 
Mcinnes et al., 1999). In the Chuquicamata pit, the West Fault separates ore-bearing 
Chuquicamata mine porphyries in the east from the unproductive Fortuna complex in the west 
(Fig. 1.2). North of Chuquicamata, Tertiary intrusions are also in close proximity with the 
West Fault. This fault is thought to have separated the Pajonal-El Abra intrusions by ca. 35 km 
relative to the Los Picos-Fortuna intrusions (Dilles et al., 1997). 
Tertiary magmatism and porphyry copper mineralization 
The Chuquicamata deposit (Fig. 1.2) lies at the southern end of the 14 by 2 km north 
trending Chuquicamata intrusive complex (CIC) (Pardo and Rivera, 1999; Tomlinson et al., 
1995; Maksaev and Tomlinson, 1995). This late Eocene-Oligocene age igneous complex 
(Maksaev, 1988; Zentilli et al., 1994) consists of three porphyritic units recognisable in the 
mine, distinguished by texture and varying amounts of plagioclase, quartz, orthoclase and 
biotite phenocrysts. These units are: East porphyry, a granodioritic to monzogranitic unit 
(Aracena, 1981), with medium to coarse grains in scarce matrix; West porphyry, a 
monzogranitic to granodioritic unit (Aracena, 1981) containing phenocrysts set in a 
saccaroidal matrix, and Bench porphyry, a monzodioritic unit (Aracena, 1981) with a bimodal 
distribution of phenocryst sizes set in an aphanitic matrix. Volumetrically, the East porphyry 
dominates the CIC, with only minor occurrences of West and Bench porphyry. West porphyry 
crops out in the north of the pit but its boundaries have not been clearly delimited. Bench 
porphyry crops out along the eastern flank of the mine as a series of fault bound north-trending 
dyke-like bodies. East of the CIC, but within the mine, a poorly-defined contact is observed 
between barren Tertiary Elena Granodiorite (Lindsay et al., 1995) and mid-Triassic East 
granodiorite (Maksaev et al., 1994). 
The Radomiro Tomic deposit is located about 7 km north of the Chuquicamata pit 
within the CIC. At Radomiro Tomic, the ore-bearing porphyries are associated with Tertiary 
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calc-alkaline igneous rocks that have intruded Permian granitoids and Mesozoic volcanic and 
sedimentary rocks (Cuadra et al., 1997). Sinistral strike-slip deformation linked to the West 
Faul1t zone and other local structures is likely to have controlled the orientation and style of 
copper mineralization within the pit (Cuadra et al., 1997). Evidence from recent core logging 
suggests that the CIC in the Radomiro Tomic pit consists of two principal intrusive 
porphyries, a major (ca. 95 % by volume) and a minor (<5 % by volume) facies porphyry 
(Valdes Romo, 2000, personal commun.). Texturally, the major facies porphyry resembles a 
mixture of the East and West Chuquicamata porphyries, whereas the minor facies is generally 
finer-gained and darker. The deposit is covered by mid-Miocene alluvial gravels that locally 
reach a thickness of 200 m (Cuadra et al., 1997). 
About 5 km south of Chuquicamata there is evidence for hypogene porphyry copper 
mine:ralization at Mansa Mina (MM), beneath over 50 m of Miocene gravels (Sillitoe et al., 
1996). The ore at MM occurs in a steeply west dipping semicontinuous tabular zone, with a 
north to south strike that is at least 1 km wide and 8 km long. The ore mainly consists of pyrite 
and enargite, in addition to other minor copper sulphides (Sillitoe et al., 1996). Although it has 
been suggested that the MM system might be the western faulted detachment of the 
Chuquicamata porphyry copper system, differences in the alteration style, enrichment profile 
and lithology indicate that MM may itself represent a discrete porphyry copper system 
(Sillitoe et al., 1996). 
The Opache deposit is a porphyry copper system located due west of the town of 
Calama, about 6 km west of the West Fault and approximately 20 km SSW of Chuquicamata. 
Preliminary work suggests that Opache consists of a series of hypabyssal dacite and tonalite 
porphyries that have intruded into andesite volcanic units, and are in turn cut by hydrothermal 
breccias (Williams, 1997). The basement in this part of the district is thought to consist of 
Palaeozoic to Cretaceous metamorphic rocks, an observation that is supported by the presence 
of Palaeozoic to Cretaceous clasts found in some hydrothermal breccia samples (Williams, 
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1997). Significant limestone overburden covers the Opache prospect and in places reaches a 
thickness of over 200 m (Pardo and Rivera, 1999). 
D Miocene to Recent cover sequences 
E'Lj Fortuna complex - 5 km 
El} Los Picos complex 
G Cerro Empexa extruslves 
[] Montecrlsto complex 
0 East granodlorite (In Chuq. pit) a 0 
• 
0 aa Paleozoic-Mesozoic Un ts ~ a 
a a 
a 
approximate location ~ ofOpache~§ 
~ ~ 
a IO 
7 525 000 N 
Figure 1.3. A simplified map of 
the Los Picos and Fortuna 
intrusions. The map shows the 
likely location of the West Fault in 
addition to the Chuquicamata 
mine, Radomiro Tomic, Opache, 
MM, the Los Picos-Fortuna 
complexes, the East granodiorite 
in the Chuquicamata pit, and other 
older intrusive units that are 
located in this part of the district 
(modified from Chong and Pardo, 
1994; Pardo, 1998; Sillitoe et al., 
1996). 
TABLE 1.1. NOMENCLATURE FOR THE LOS PICOS AND FORTUNA !INTRUSIONS 
Dilles et al. 1997 
Los Picos quartz monzodiorite complex 
Fortuna granodiorite complex Antena granodiorite 
Fiesta granodiorite 
Leucocratic granodiorites 





Fortuna leucocratic intrusion 
San Lorenzo porphyry 
Immediately west of the Chuquicamata mine unproductive Eocene intrusives crop out. 
From oldest to youngest, these consist of: Los Picos quartz monzodiorite (Table 1.1, Dilles et 
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al., 1997); Fortuna Gris granodiorite and monzonite; Fortuna Clara hornblende granodiorite; 
minor Leucocratic intrusives and San Lorenzo rhyodacitic porphyry (Table 1.1, Rosas, 1999). 
Collectively, the latter four units, Gris, Clara, the Leucocratic intrusives and San Lorenzo, are 
termed the Fortuna complex (Rosas, 1999) (Fig. 1.3). The Los Picos quartz monzodiorite 
crops out as a north-south belt along the western extremities of the Fortuna complex and as 
isolated roof pendants within the Fortuna complex. Los Pi cos is thought to consist of multiple 
plutons, evidenced by monzonitic bodies intruding diorites (Rosas, 1999). Overall, the Fortuna 
complex intrudes Los Picos along its eastern and northern margins, forming a continuous 
linear outcrop approximately 20 km (north-south) by 5 km (east-west). Broadly, the Fortuna 
complex youngs eastwards from Gris to Clara (Rosas, 1999). Geochemical data for the Los 
Picos and Fortuna intrusions (Maksaev et al., 1994) show overlapping but progressively 
evolved major element whole rock compositions between ca. 43 and 37.1 Ma (Dilles et al., 
1997). Therefore, it is likely that the five suites are part of the same igneous suite. This is 
discussed in chapter 3. 
Forty-five kilometres north of the Chuquicamata mine and 2 km east of the West Fault, 
the El Abra complex intrudes upper Carboniferous to middle Triassic plutonic and volcanic 
rocks and Cretaceous continental sediments (Tomlinson et al., 1995; Maksaev and Tomlinson, 
1995; Boric et al., 1990) (Fig. 1.4). The northern section of the El Abra intrusive suite is 
defined by a sharp contact with older Pajonal diorite (Dilles et al., 1997). The intrusive units at 
El Abra consist of quartz and biotite diorites (Central and Dark diorites), monzodiorites (Equis 
mon:zodiorite), granodiorites (South granodiorite), quartz monzonite porphyries (El Abra 
porphyry), alkali biotite leucogranites (Apolo leucogranite), aplitic granite intrusives (Aplite) 
and undifferentiated breccias (Graichen et al., 1995). The Abra diorites and porphyries host 
the bulk of the ore at El Abra (Ambros, 1977; Maksaev et al., 1994). Although the source of 
copper at El Abra is not clear, the majority of the hydrothermal alteration ages from within the 
pit are in close agreement with the emplacement age of the El Abra mine porphyry (37.4 Ma), 
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suggesting a genetic link between the two (Maksaev et al., 1994; Ballard et al., in review). 
However, further study is required to confirm this observation. 
Work by Maksaev et al. (1994) and Dilles et al. (1997) suggests that the Pajonal and El 
Abra complexes display overlapping but progressively evolved whole rock major element 
compositions between ca. 46 and 36.5 Ma. On that basis it is likely that they are part of the 
same sequence of igneous events. Furthermore, based on field mapping, similar petrology, age 
relations and whole rock geochemistry, it is likely that the Los Picos-Fortuna and the Pajonal-
El Abra intrusive suites are correlative portions of a single batholith. 
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Figure 1.4. A simplified map of 
the El Abra mine and its 
surrounding area, including the 
location of the West Fault and the 
Pajonal and El Abra intrusive 
units (modified from Tomlinson 
et al., 1995; Graichen et al., 
1995). East of this map 
Palaeozoic plutonic and volcanic 
rocks crop out (Tomlinson et al., 
1995). 
The scale of porphyry copper mineralization in this district 
Together, the four productive systems that are examined in this study host a significant 
copper resource. Chuquicamata is historically the world's largest copper producer. In 1997, 
Chuquicamata's original resource was estimated to be nearly 8.5 Gt at 0.79 % copper, of 
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whic:h over 2 Gt at 1.54 % Cu has been mined (Ossand6n and Zentilli, 1997). In June 1995, El 
Abra had a mineable reserve of 0. 77 Gt of leachable copper oxide at 0.55 % Cu, supplemented 
by 0.45 Gt of copper sulphide at 0.64 % Cu (Dean et al., 1996). In addition, Radomiro Tomic 
is also a significant copper producer with estimated reserves of 2.3 Gt at 0.59 % Cu (Ossand6n 
and Zentilli, 1997). Finally, Opache, an important new discovery, has an estimated resource in 
the order of 0.3 Gt at an average grade of 0.6 % Cu (Pardo and Rivera, 1999). Although it has 
not been included in this study, the Mansa Mina porphyry copper deposit also hosts copper 
mine:ralization (Sillitoe et al., 1996). Dependent on the outcome of future exploratory work, it 





Northern Chile's Chuquicamata porphyry Cu-Mo deposit is historically the world's 
largest Cu producer and, 85 years after the start of mining, is still one of the principal sources 
of Cu (Ossand6n and Zentilli, 1997). The purpose of this part of the study was to test the 
hypothesis that Chuquicamata is a super-giant deposit because two or more distinct magmatic-
hydrothermal systems have contributed to its formation. That is, Chuquicamata represents the 
superimposition of multiple porphyry copper deposits. 
Previous studies found evidence for multiple magmatic-hydrothermal events at 
Chuquicamata. Geological mapping showed that there are three texturally distinguishable 
productive intrusive units within the pit, the East, West and Bench porphyries (Aracena, 1981) 
suggesting that there may be more than one period of igneous activity (Fig, 1.2). This 
conclusion is supported by an extensive analysis of the alteration pattern at Chuquicamata 
(Lindsay et al., 1995) which does not show the classic concentric zonation of other porphyry 
ore deposits described by Lowell and Guilbert (1970). The irregular alteration pattern at 
Chuquicamata may have arisen through the multiple hydrothermal events documented by 
Lindsay et al. (1995), who reported quartz-sericite alteration superimposed on potassic 
alteration. 40 Ar-39 Ar evidence (Reynolds et al., 1998) that high-temperature (>350 °C) potassic 
alteration is older (33.4 ± 0.3 Ma) than low-temperature (<350 °C) quartz-sericite alteration 
(31.1 ± 0.3 Ma) supports such an interpretation. 
Although field studies provide evidence of multiple igneous and hydrothermal events, 
they do not distinguish whether the re-cognized events occurred during a single period of 
protracted magmatic-hydrothermal activity, or as part of two or more discrete igneous-
hydrothermal events that were superimposed on each other. Despite the consistency of field 
evidence and Ar geochronology with the multiple porphyry hypothesis, they do not provide a 
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definitive test. This can only be done through direct dating of the porphyries. Furthermore, 
because the geochemistry of the three types of porphyries is very similar and because they do 
not always show clear crosscutting relations, it is likely that the age difference between them 
is small. A dating technique that is both precise and resistant to thermal overprinting is 
required. 
~2] Barren Units 





Figure 2.1. A simplified map 
of the Chuquicamata pit. This 
figure contains the location of 
the three core samples 
processed for zircons and the 
location of the West Fault in 
the pit (modified from 
Lindsay et al., 1995). The 
exact grid references of the 
samples are listed in the 
appendix section 1. 
The porphyries were dated using excimer laser ablation inductively coupled plasma 
mass spectrometry (ELA-ICP-MS) zircon U-Th-Pb geochronology. The accuracy of the 
results was confirmed by sensitive high resolution ion microprobe (SHRIMP) analyses of the 
same samples. In situ zircon U-Th-Pb analysis has two important advantages over alternative 
techniques for the present study. First, the U-Th-Pb system in zircon is highly resistant to 
hydrothermal resetting. Second, both ELA-ICP-MS and SHRIMP are microbeam techniques 
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that allow inherited cores, which are present in the Chuquicamata porphyries (Zentilli et al., 
1994) to be identified and excluded from age calculations. 
METHODS 
Excimer laser ablation inductively coupled plasma mass spectrometry 
The zircons analyzed in this study were separated from 2 kg samples of each unit 
collected from drill cores (Fig. 2.1), mounted in epoxy and polished. Using 
cathodoluminescence and optical microscopy, care was taken to ensure that the least-fractured, 
inclusion-free zones in zircon were analyzed. Even so, both Pb loss and inheritance were 
encountered. Laser ablation was conducted by a pulsed ArF LambdaPhysik LPX 1201 UV 
Excimer Laser operated at a constant voltage, between 21 and 23 kV, at 5 Hz. The spot 
diameter was 29 µm. The ablated material was carried by He-Ar gas from a custom-designed 
sample cell and flow homogeniser to a Fissions VG PlasmaQuad II+ ICP-MS. Raw count rates 
for 10B, 29Si, 96Zr, 206Pb, 207Pb, 208Pb, 232Th, and 238U were collected in time-resolved mode. 
Because of a relatively high 204Hg blank, 204Pb was not measured. The integration time for the 
3 Pb isotopes was 102.4 ms, whilst for the other isotopes it was 20.48 ms sampling at 1 point 
per peak. Data were acquired for 20 seconds with the laser off and 40 seconds with the laser 
on, giving about 120 mass scans for a penetration depth of ca. 20 µm. Data were acquired in 
three separate 8-hour analytical sessions several weeks apart. Zircons from the three mine 
porphyries were analyzed in a rotation that included standard zircon SL13 (Claoue-Long et al., 
1995) and standard silicate glass NIST SRM 612 (Pearce et al., 1997). 
Corrections were made for mass bias drift, isotopic fractionation, and common Pb. 
After triggering, it took three to four mass scans for the counts to reach a steady signal, so 
these initial data were excluded. Depth-dependent interelement fractionation of Pb, Th, and U, 
documented by previous workers (e.g., Hirata and Nesbitt, 1995; Hom et al., 2000), were 
ieorrected by reference to standard zircon SL13. Measured 207Pb/2°6Pb, 206Pb/238U, and 
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208Pb/232Th ratios in SL13 were averaged over the course of the analytical session and used to 
calculate correction factors. These correction factors were then applied to each sample to 
correct simultaneously for instrumental mass bias and depth-dependent elemental and isotopic 
fractionation. Common Pb was subtracted after drift, mass bias, and depth-dependent 
fractionation corrections. The common Pb corrections were initially based on the difference 
between the measured and expected 208Pb/206Pb, given the measured 208Pb!232Th, according to 
methods of Compston et al (1984). This showed most analyses to be concordant within 
analytical uncertainty, so the 206Pb!238U ratios were then calculated by correcting for common 
Pb using 207Pb/2°6Pb and assuming concordance. Data that were more than 5 % discordant 
were not used in age determinations. The remaining data were examined using cumulative 
probability plots (see chapter 3). Old outliers were interpreted to be inherited grains and young 
outliers were attributed to lead loss (see appendix section 4). 
Sensitive high resolution ion microprobe 
Zircon dating by SHRIMP followed well-established analytical procedures (Claoue-
Long et al., 1995). Zircons from the three mine porphyry units and reference zircon AS3 
(2°6Pb/238U = 0.1859; Paces and Miller, 1993) were analyzed in rotation during a single 22-
hour analytical session, making the measurement of any age differences independent of errors 
in Pb/U calibration (0.27 %). 
RESULTS 
The overall results are summarized in Tables 2.1 and 2.2 (MSWD is explained in 
chapter 3), and detailed analytical information for individual spot analyses are presented in the 
appendix section 4. Excluded analyses are documented in the appendix section 4, and detailed 
explanations behind their exclusion are presented in the results section of chapter 3. The mean 
U-Th-Pb zircon ages of individual intrusions differ slightly between the two analytical 
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methods, the SHRIMP ages being 1.5 - 2.5 % older. Most likely this arises through a 
combination of the analytical biases specific to each instrument, and procedural differences, in 
particular the standards and methods used to correct for instrument drift, elemental and 
isotopic fractionation, and common lead. 
TABLE 2.1. 206Pbf 38U AGES FOR MINE PORPHYRIES 
SHRIMP ELA-ICP-MS 
No. of Age* (Ma) MSWD No. of Age (Ma) MSWD anal~ses anal~ses 
EAST 15 35.2 ± 0.4 2.77 68 34.6 ± 0.2 3.29 
WEST 10 34.0 ± 0.3 1.00 73 33.5 ± 0.2 1.96 
BENCH 13 34.1±0.3 1.15 83 33.3 ± 0.3 7.92 
*All uncertainties are 95 % confidence limits. 
The SHRIMP uncertainties include a Pb/U calibration, 
but the ELA-ICP-MS do not. 
The SHRIMP Pb/U calibration used AS3, whereas the ELA-ICP-MS used silicate glass 
NIST 612 to monitor drift and U/Th fractionation and zircon standard SL13 for Pb isotope, 
Pb/U, and Pb/Th fractionation. Despite the smaH differences in absolute age, both techniques 
are in close agreement in terms of the relative age difference between the three porphyries. 
The results of this part of the study show that it is now possible to date Tertiary zircon by 
ELA-ICP-MS with an aggregate precision and accuracy that is comparable with SHRIMP, a 
significant advance on previous ICP-MS studies (c.f. Compston, 1999). 
TABLE 2.2. MINE PORPHYRY AGES (in Ma) FROM THREE 
ELA-ICP-MS ANALYTICAL SESSIONS 
Dai: 1 MSWD Dai: 2 MSWD Dai: 3 MSWD 
EAST 34.5 ± 0.3 3.26 34.5 ± 0.4 3.64 34.4 ± 0.4 2.85 
WEST 33.8 ± 0.4 4.07 33.6 ± 0.3 1.46 33.6 ± 0.2 1.66 
BENCH 33.8 ± 0.4 3.01 33.0 ± 0.4 2.12 33.6 ± 0.4 2.25 
The MSWD for all the ELA-ICP-MS samples, and the East porphyry by SHRIMP, are 
above the limit for a single population (Table 2.1). The MSWD for the SHRIMP data is 
reduced if the sample is interpreted to contain zircons with two ages, one at 34.4 ± 0.2 Ma and 
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the other at 35.5 ± 0.2 Ma. However this interpretation is not unique and it is inconsistent with 
the unimodal distribution of the ELA-ICP-MS data. The high MSWD of the ELA-ICP-MS 
data is due, in part, to unquantified errors associated with standardization and, in part, to 
pooling data from three analytical sessions with variable drift. The MSWD for individual days 
are appreciably less and range between 1.46 and 4.07. 
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DISCUSSION 
Both SHRIMP and ELA-ICP-MS resolve two igneous events at Chuquicamata (Fig. 
2.2). The oldest and volumetrically dominant intrusion, the East porphyry, yields individual 
grain ages by both techniques that are slightly more scattered than expected from analytical 
uncertainty, reflecting either a small age spread, or more likely, some Pb loss (Fig. 2.3). The 
mean ELA-ICP-MS 206Pb/238U age of 34.6 ± 0.2 Ma correlates well with the highest 40 Ar-39 Ar 
ages of Reynolds et al. (1998) and a Re-Os molybdenite age of 34.8 ± 0.2 Ma (Mathur et al., 
2000; J. Ruiz, 2000, personal commun.) for early mineralization (Fig. 2.4). Intrusion of the 
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Bench and West porphyries took place between 0.9 to 1.5 m.y. later, at 33.3 ± 0.3 and 33.5 ± 
0.2 Ma respectively. The difference in measured age between the oldest and youngest 
intrusions is significant at the 95 % confidence level. The ages of the Bench and the West 
porphyries cannot be resolved by either analytical technique (Fig. 2.2), nor are the two units 
distinguishable geochemically. However, they are texturally different, which in the past has 
been used as the basis to separate them. 
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Figure 2.3. Concordia plots 
for the Bench, West, and East 
porphyries by SHRIMP 
(white) and ELA-ICP-MS 
(black). The ELA-ICP-MS 
data are uncorrected for 
common Pb, whereas the 
SHRIMP data have been 
204Pb corrected. Only the data 
included m the age 
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Figure 2.4. A: 40 Ar- 39 Ar age data 
(modified from Reynolds et al., 1998) 
and Re-Os Mo-mineralization age data 
(J . Ruiz, 2000, personal. commun.; 
Mathur et al., 2000) for Chuquicamata 
mine porphyries. B to D: Bench, West, 
and East porphyry age data by SHRIMP 
(grey) and by ELA-ICP-MS (black). 
SHRIMP analyses have been 
superimposed on ELA-ICP-MS data for 
ease of comparison. Only the data 
included in the age calculation are 
shown for the ELA-ICP-MS. 
The new U-Th-Pb data suggest that the Bench and West porphyries represent 
contemporaneous intrusions from a common magma source, both > 1 Ma younger than the 
East porphyry. This second period of porphyry intrusion can be correlated with the period of 
potassic alteration documented by Reynolds et al. (1998) that has an average 40Ar-39 Ar age of 
33.4 ± 0.3 Ma. Lower 40Ar-39 Ar ages of 31.1±0.3 Ma for quartz-sericite alteration (Reynolds 
et al. , 1998) and a Re-Os isochron age for associated pyrite at 31 ± 2 Ma (Mathur et al., 2000) 
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indicate an even younger hydrothermal event, for which no corresponding porphyry intrusion 
has been documented. 
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Figure 2.5. A summary of the thermal history of the Chuquicamata Intrusive Complex based 
on new zircon U-Th-Pb ages and previous data as discussed in the text. Legend: Zr = zircon, 
Mo = molybdenite, Kf = potassium feldspar, Bi = biotite, ser = sericite and Ap = apatite. Age 
error ellipses are 2 sigma, except for the apatite ages that equal 1 sigma. Near vertical lines 
represent inferred cooling histories of ca. 34.6 Ma, ca. 33 .4 Ma and ca 31 Ma intrusive events. 
The arrows shown in the top left indicate cooling rates in °C/m.y. 
The agreement between zircon U-Th-Pb, molybdenite Re-Os, and the highest biotite 
40 Ar-39 Ar ages in the East porphyry requires that this unit cooled from near 800 °C (the zircon 
crystallization temperature), through 500 ± 50 °C (the inferred closure temperature for Re-Os 
in molybdenite, Suzuki et al., 1996), to below 300 ± 50 °C (the closure temperature for Ar in 
biotite) in under 0.5 m.y. Further, the similarity between the U-Th-Pb zircon ages of the Bench 
and West porphyries and the average 40 Ar-39 Ar age of potassic alteration suggests that these 
porphyries cooled from ca. 800 °C to below 300 °C in a comparable interval of time. This 
evidence suggests a cooling rate of at least 1000 °C/m.y. (Fig. 2.5), which is an order of 
magnitude faster than the rate estimated by Reynolds et al. (1998) based on the 40 Ar-39 Ar 
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system. Note that neither cooling trajectory passes through the age of youngest sericitic 
alteration. It is possible that this youngest period of hydrothermal alteration may have been 
produced by a fourth, perhaps unexposed, igneous intrusion ca. 31.4 Ma. The extrapolation of 
the inferred youngest cooling curve passes through the He apatite closure temperature of 75 ± 
25 °C at ca. 31 Ma (Mclnnes et al., 1999), thus constraining all subsequent fluid-rock 
interactions in the deposit to very low temperatures. 
The cooling rates inferred for the Chuquicamata porphyries agree well with the thermal 
calculations of Cathles et al. (1997) for kilometer-scale shallow-level intrusions. For example, 
a 2 km wide by 3 km tall igneous body emplaced 4 km below the surface will cool through the 
first 75 % of its thermal history at an average rate of 5000 °C/m.y. by conduction alone. 
Hydrothermal circulation will result in convective cooling rates 2-10 times faster than this, 
depending on the permeability of the intrusion and its country rocks. Such thermal models 
predict that the lifetime of a hydrothermal system driven by a shallow-level intrusion will be 
on the order of 0.1 m.y. or less. Because the Chuquicamata mine porphyries were emplaced at 
least 1 m.y. apart, each must have been accompanied by a temporally and, to some extent, 
spatially distinct magmatic-hydrothermal system. It is reasonable to conclude that the 
superposition of two or more such magmatic-hydrothermal systems generated the irregular 





The Chuquicamata-El Abra belt in northern Chile hosts some of the largest porphyry 
copper deposits in the world. This belt is part of a more extensive north to south trending belt 
of porphyry copper deposits of Eocene-Oligocene age that includes Collahuasi, Escondida and 
Potrerillios (Sillitoe, 1992). Despite its economic importance, there has been no 
comprehensive geochronological study of the igneous rocks associated with the porphyry 
copper deposits. This section of the study presents igneous ages for the twenty-one intrusions 
from the Chuquicamata-El Abra belt that were determined by in situ excimer laser ablation 
inductively coupled plasma mass spectrometry (ELA-ICP-MS) analysis of U-Th-Pb isotopes 
in zircon (Fig. 3.1). The U-Pb system in zircon is a robust method for accurately assessing the 
crystallization ages of igneous rocks affected by extreme hydrothermal alteration because of 
the chemical resistance of zircon and the high closure temperature of Pb diffusion in zircon 
(Lee et al., 1997; Chemiak and Watson, 2000). Furthermore, because inheritance has been 
observed in conventional analyses of zircons from intrusions in the Chuquicamata-El Abra 
belt (Zentilli et al., 1994) in situ analysis of the type provided by ELA-ICP-MS is essential. 
The goals of this part of the study are four-fold. First, to establish the age of the 
Pajonal-El Abra and Los Picos-Fortuna intrusive suites, and to place individual intrusive units 
in chronological order. Second, to test previously proposed correlations of the two complexes 
across the West Fault (Fig. 3.1). Third, to determine the age and duration of ore-bearing versus 
barren intrusions in the belt. And fourth, to determine whether the timing of magmatism in the 
Chuquicamata-El Abra belt can be related to variations in plate motion between the South 
America and Farallon plates during the early Cenozoic. 
The Pajonal-El Abra intrusive suite consists of eight intrusive units, separated on the 
basis of petrology, contact relations and geochronology (Ambrus, 1977; Maksaev et al., 1994; 
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Dean et al., 1996; Dilles et al., 1997). The Los Picos-Fortuna intrusive suite, located 
approximately 35 km south of El Abra (Fig. 3.1), consists of five principal intrusive units 
(Dines et al., 1997; Rosas, 1999). Zircon U-Th-Pb dating of the intrusive sequence in both the 
Los Picos-Fortuna and Pajonal-El Abra intrusive suites provides a test to the hypothesis of 
Dille:s et al. (1997) that the two are correlative equivalents, and originally formed a single 
batholith. 
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Figure 3.1. As Fig. 1.2, a 
simplified map of the 
Chuquicamata and El Abra 
districts in northern Chile, 
showing the location of the 
igneous rock samples used for 
zircon geochronology 
Early studies of the Chuquicamata mine suggested that the West Fault may have 
upthrown the mineralized Chuquicamata porphyries relative to their uneconomic Fortuna 
complex root zone (Sillitoe, 1973). More recent work in the Chuquicamata-El Abra belt 
indic:ates that the West Fault may be responsible for ca. 35 km net sinistral strike-slip 
displacement between the Los Picos-Fortuna and Pajonal-El Abra intrusive suites (Lindsay et 
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al., 1995; Reutter et al., 1996; Tomlinson and Blanco, 1997a; Tomlinson and Blanco, 1997b; 
Dilles et al., 1997; Mclnnes et al., 1999). If the latter hypothesis is correct, the Pajonal-El 
Abra intrusive suite and associated copper mineralization could have originally formed part of 
the Los Picos-Fortuna intrusive suite and since been displaced ca. 35 km north on the West 
Fault. If the Los Picos-Fortuna intrusive suite correlates petrologically, chronologically and 
compositionally with Pajonal-El Abra intrusive suite, then the strike-slip hypothesis is correct, 
whereas if it. correlates with the Chuquicamata porphyries, the normal faulting hypothesis is 
validated. In either case, the Los Picos-Fortuna intrusive suite would represent the eroded 
roots of a productive ore system. Alternatively, if Los Picos-Fortuna does not correlate with 
either ore-bearing associations, it may be a barren igneous suite. In addition, zircon 
inheritance ages can help in establishing the thermal history of the magmatic source region. If 
the Chuquicamata intrusive complex (CIC) is related to either the Los Picos-Fortuna or 
Pajonal-El Abra intrusive suites, it should display a similar zircon inheritance history. 
U-Th-Pb zircon geochronology can be used to determine the ages of igneous activity in 
the Chuquicamata-El Abra area. These ages can then help to evaluate whether productive 
porphyries developed at a specific point in time; or, whether they spanned an extended time 
range. Finally, this part of the study constrains the magmatic age of Tertiary intrusions in the 
Chuquicamata-El Abra area as well as the inheritance age patterns of the same units. By 
comparing the age range for magmatism in this area to regional models for plate tectonic 
activity, it may be possible to evaluate whether a link exists between magmatism and plate 
tectonics. 
METHOD 
The zircons analysed in this section of the study were separated from 2 kg samples 
collected from drill cores and outcrop (Figs. 3.2 and 3.3). The analysis ofU-Th-Pb isotopes in 
zircon by excimer laser ablation inductively coupled plasma mass spectrometry and sensitive 
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high resolution ion microprobe followed the methodology outlined in the previous chapter. 
The only differences relate to a slight change in data acquisition that used a newer ICP-MS, 
and in standardisation, which used QGNG and Temora zircon standards, instead of SL13. 
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Figure 3.2. As Fig. 1.3, showing 
as well the location of zircon U-
Th-Pb samples included in this 
part of the study. Sample 
numbers 1 to 14 correspond to 
the following units: 1 and 2 Los 
Picos, 3 Fortuna Gris, 4 Fortuna 
Clara, 5 San Lorenzo porphyry, 
6 Leucocratic intrusive, 7 and 8 
Opache mine porphyry, 9 Elena 
granodiorite, 10 Radomiro 
Tomic major facies porphyry 
and 11 Radomiro Tomic minor 
facies porphyry, 12 West 
porphyry, 13 Bench porphyry, 
and 14 East porphyry. The 
Montecristo intrusive unit 
sample is located west of this 
map at 480708 E, 7535180 N 
(see Fig. 3.1). 
The ELA-ICP-MS technique for these analyses used an Agilent 7500s ICP-MS. The 
raw count rates for 29Si, 31P, 96Zr, 206Pb, 207Pb, 208Pb, 232Th and 238U were recorded in time-
resolved mode by peak hopping. The integration time for the isotopes was 29Si; 31 P and 96Zr -
20 ms, 206Pb and 207Pb - 300 ms, 208Pb - 200 ms 232Th and 238U - 50 ms. Data were collected in 
both pulse counting and analogue mode with the transition at 1 x 106 counts per second. As 
before, the data were acquired for 20 seconds with the laser off and 40 seconds with the laser 
on, giving approximately 120 mass scans for a penetration depth of ca. 20 µm. Zircons were 
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ablated in a rotation of 26 analyses, as follows: Temora standard (1 analysis); Los Picos 
internal standard (2 analyses); unknown zircons (4 populations including 2 analyses of each); 
Temora standard (2 analyses) Los Picos, internal standard (2 analyses); unknown zircons (4 
populations including 2 analyses of each); QGNG, internal standard (1 analysis); NIST 612, 
standard glass (1 analysis) and Temora standard (1 analysis). Each cycle took approximately 
45 minutes to complete. 
The error for each U-Pb zircon date was calculated at the 95 % confidence level by two 
different approaches. In the first method the errors on individual measurements were estimated 
from counting statistics and denoted as the 'expected error'. The alternative approach was to 
calculate the 2 cr standard error from the observed variance of 30 to 50 time slices measured 
during an individual analysis, and is termed the 'observed error'. 
In addition to analyses by ELA-ICP-MS, selected samples were also analysed by 
sensitive high resolution ion microprobe (SHRIMP), and followed well-established analytical 
procedures (Claoue-Long et al., 1995; Allen et al., 1998). These samples included zircons 
from the Radomiro Tomic major intrusive, the Opache mine porphyry, Los Picos and the 3 
Chuquicamata mine porphyries, as discussed in chapter 2. As described in chapter 2, the 
SHRIMP ages of the unknown zircons were calculated against standard zircon AS3 whose 
206Pb/238U = 0.1859, corresponding to an age of 1099 Ma (Paces and Miller, 1993). 
The zircon populations included in this part of the study were analysed during four 
separate analytical sessions. Having processed the data from the four sessions, zircon 
inheritance was recognised in most samples. To examine this inheritance in greater detail, a 
fifth ELA-ICP-MS session was undertaken specifically targeting zircon cores identified by 
cathodoluminescence and optical microscopy. 
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Figure 3.3. As for Fig. 1.4, in 
addition to showing the 
location of the samples 
processed for zircon U-Th-Pb 
geochronology. The zircon 
sample numbers 1 to 8 
correspond to the following 
units: 1 Pajonal diorite; 2 
Apolo leucogranite; 3 Dark 
diorite; 4 Central diorite; 5 
Aplite; 6 Equis monzodiorite; 
7 South granodiorite, and 8 
El Abra mine porphyry. 
The results are summarised in Tables 3.1 and 3.2 and in the appendix section 4, which 
includes detailed information for all the zircons analysed, including those rejected on the basis 
of features described below. Because of the short ICP-MS analytical time (<2 min.) typically 
more than 30 zircons were analyzed per rock sample, making it possible to be selective about 
the dlata included in the final age determinations. Rejected analyses include those that exhibit: 
(i) internal age zoning; (ii) evidence of inheritance, or (iii) post-crystallisation Pb loss. Some 
of the analysed grains display obvious age zonation, seen from a profile of 206Pb/238U ratio 
versus depth, which is routinely inspected during data processing (Fig. 3.4). Such zoned grains 
give a mixed age, of unknown relation to the zircon crystallisation age. Grains with obvious 
age zonation have ratios of observed errors to expected errors >>2, and have been eliminated 
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from further consideration. Grains that have observed to expected error ratios >2 are likely to 
have age zonation that is too subtle to observe visually. They have also been eliminated from 
consideration. Typically, 1 to 10 % of analyses from a given sample were rejected on one or 
both of these grounds. 
0.020 A 
0.01 
p a. 0.01 
f 0.008 Obs:Exp = 1.21 
..... 
.· .. :;. Obs:Exp = 13.8 
0 20 40 60 20 40 60 80 
Relative Scan Number Relative Scan Number 
Figure 3.4. A plot of 206Pb/238U ratio against scan number for ablated zircons from (A) Los 
Picos and (B) the Montecristo intrusion. This type of plot helps to give an indication of those 
crystals that are zoned. The Los Picos crystal is not zoned on the basis of the criteria described 
in the text, whereas the Montecristo crystal s has an observed to expected ratio well in excess 
of 2, and is therefore zoned. The pink boxes represent 206Pb/238U ratios that have been 
background corrected, whereas the red boxes are 206Pbl238U ratios that have been corrected for 
208Pb that is common. 
Other analyses show discordant isotopic ratios indicating that the U-Th-Pb decay 
system of the analysed spot has not remained closed since crystallisation. Such grains may 
have lost or gained Pb, giving either a younger or older date than the actual crystallisation 
event. Since the intrusive units in this study are very young, Pb loss is probably not 
significant. However, addition of common Pb can be a problem. Although common Pb is 
explicitly corrected for, uncertainties in the amount and isotopic composition of the common 
Pb used in the correction increase the error in the calculated age. To minimise this source of 
uncertainty, analysed grains that show less than 95 % concordancy in 207Pb/235U or 208Pb/232Th 
with 206Pb/238U at the 1 cr level are not included in the final age determinations. Between 5 and 
20 % of the data were rejected on this basis. 
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TABLE 3.1. A SUMMARY OF ELA-ICP-MS U-Pb ZIRCON AGES (in Ma) FROM THIS 
STUDY, COMPARED TO AGES FROM PREVIOUS WORK 
Unit ELA-ICP-MS SHRIMP Conventional U-Pb Ar-Ar K-Ar 
63 ± 2.0<3> 
Montecristo intrusion 63 .2 ± 0.5 64 ± 2.0(l) (l) 
Los Picos-Fortuna complexes: 
40.6 ± 1.2('2) 
Los Picos 42.3 ± 0.2 43.1±0.6 
43.4 ± 1.2(3) 
45.1±1.8(4) 
45.1 ± l.2(l) 
36.3 ± 1.1(3) 
39.6 ± 1.3(3) 
40.6 ± 1.2(3) 
Fortuna Gris 39.1±0.4 39.3 ± 0.4(6) 35.9 ± I.0<
4l 
36.2 ± ).4<4l 
38.0 ± 3.0<4> 
38.1 ± I.0<4l 
38.9 ± 0.3<7> 
37.3(S) 
Fortuna Clara 38.5 ± 0.4 37.6 ± 0.7(6) 37,9<9> 
3 7.3 ± 1.2(3) 
Leucocratic intrusion 38.1 ± 0.4 
San Lorenzo porphyry 38.0 ± 0.4 37.1 ± 0.9<
3> 
3 8.5 ± 1.1 <3> 
Pa.ional-EI Abra complexes: 
Pa jonal diorite 42.9 ± 0.5 36.8 ± 0.1<10> 
A12QIO leucogranite 41.3 ± 0.4 
Central diorite 40.6 ± 0.3 4 ages 
Dark diorite 40.2 ± 0.5 between 
39.1 ± 1.2(5) 34.3 and 
Equis monzodiorite 38.5 ± 0.4 36.2<
10> 
38.6 ± 1.0<3l 
35.3 ± 0.5(lO) 
South granodiorite 38.0 ± 0.3 37.5 ± 0.5(6) 36.7 ± 0.8(l) 36.5 ± 1.0(3) 36.5 ± 1.1 (3) 
37.3 ± 1.0(3) 
El Abra Aplite 38.5 ± 0.4 
El Abra mine pornhyry 37.4 ± 0.3 36.8 ± 0.6<5l 36.5 ± 1.1(3) 
Opache porphyry 37.9 ± 0.2 37.3 ± 1.0 39.6 ± l.6<13l 
Elena granodiorite 37.7 ± 1.0 34.2 ± 0.1<
12> 36.6 ± l.0<12> 
43.8 ± 0.9<12> 37. 7 ± l.0<12J 
Chuquicamata Intrusive Complex: 
Radomiro Tornic - Major facies 34.6 ± 0.4 35.0 ± 0.3 31.8 ± 0.3(1) 
-""po_rp ___ hy_ry ________________________ 32.6 ± 0.3<1> ----
Radomiro Tornic - Minor facies 33.0 ± 03 <1> h 34.0 ± 0.4 
East porphyry 34.6 ± 0.2 35.2 ± 0.4 _ _..:..._:_...;.....:; ______________________ 31.1±0.3(11) 
-'W""-e=s'"-'t p"'"'o"""'rp""h"'"'yry....._ _______ 33 ....... 5.._±_._0 ...... 2__ 34_.0~±-0 ...... 3_______ 33.4 ± 0.3<11> ___ _ 
Bench POrnhvrv 33.3 ± 0.3 34.1 ± 0.3 
Legend: (1) Cuadra et al., 1997 (ages represent only a sample of the total data available); (2) 
Semageomin, 1993; (3) Maksaev et al., 1994; (4) Ambrus, 1979; (5) Maksaev, 1990; (6) 
Dilles et al., 1997; (7) Recalculated from: Alvarez and Aracena, 1985; (8) Tomlinson et al., in 
prep; (9) Lindsay et al., 1996; (10) Recalculated from: Ambros, 1977; (11) Reynolds et al., 
1998 (ages represent an average of multiple analyses); (12) Zentilli et al., 1994 (dates from 
dykes found within the Elena granodiorite unit) and (13) Tidy, 1992 in Pardo and Rivera, 
1999. All recalculated ages are found in Maksaev et al., 1994. 
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Zircons typically display inheritance. To evaluate this possibility, all data sets have 
been examined using cumulative probability plots. Probability plots have a non-linear scale on 
the x-axis (Fig. 3.5) that is calibrated to represent a normal distribution as a straight line. 
When examined on cumulative probability plots, the data produced three different distribution 
types: Type I a single age population; Type II a single age population with marginal dates 
trailing towards poorly defined younger Pb loss and/or older inheritance events; and Type III a 
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Figure 3. 5. Probability plots 
displaying the three types of 
distribution of U-Th-Pb zircon age 
data. Type I, a single linear array of 
points is shown in _plot A for the 
Pajonal diorite. Type II, a main 
population of dates with evidence 
of inheritance and Pb loss is 
illustrated by plot B for the San 
Lorenzo porphyry. Type III 
displays multiple age populations 
and is shown in plot C for Fortuna 
Gris. 
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Type I: the Pajonal diorite data yields a single age population on a cumulative 
probability plot (Fig. 3.5A). Most of the data lie on a single straight line with small tails at 
each end due to expansion of the scale in this region. The Apolo leucogranite, Central diorite, 
Radomiro Tomic major facies porphyry and the Elena granodiorite all have a single 
population of dates (Fig. 3.6). 
Type II: the San Lorenzo porphyry (Fig. 3.5B) data yields a main population with tails 
that have a steeper gradient than the main population on a cumulative probability plot. The 
lower tail probably represents young Pb loss events, whereas the upper tail is best explained as 
being due to inherited grains that show a range of ages. Intrusions that display this second type 
of distribution include the Equis monzodiorite, the El Abra aplite, El Abra mine porphyry, 
Fortuna Clara, Leucocratic intrusion, the San Lorenzo porphyry, Radomiro Tomic minor 
facies porphyry, the East, West and Bench porphyries, the Opache mine porphyry and the 
Montecristo intrusion and Los Picos (sample number 98-521, analysed by multiple ELA-ICP-
MS sessions). The intrusion age for these suites can be made more precise by culling data 
from each end of the main population until the tails have a gradient equal to or lower than the 
main population. Unique Pb loss or inheritance age populations cannot be defined for this type 
of distribution. 
Type III: the third distribution type is seen in the cumulative probability plot for 
Fortuna Gris (Fig. 3.5C). The data from this unit define three distinct linear segments, each 
separated by zones of inflection, that have a steeper gradient. The inflection zones consist of a 
mixture of dates from the populations that they separate, and the point of inflection separates 
the populations. The main population of dates is interpreted to correspond to the magmatic 
crystallisation age of the intrusion, whilst the lower and upper populations probably represent 
Pb loss and inheritance events, respectively. Intrusions that display this third kind of 
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Figure 3.6. Probability plots showing the ELA-ICP-MS U-Th-Pb zircon analyses of the 
studied intrusions. The data in these plots have been culled of excessively scattered and 
discordant analyses following the approach described above. The culled analyses are listed in 
the appendix section 4, where they are described in detail. 
Mean square of weighted deviates (MSWD) according to Wendt and Carl, (1991) were 
estimated for each age population identified using cumulative probability plots. The MSWD 
provides a statistical measure of the ratio between the observed and the expected scatter of the 
data, and is presented in conjunction with lower and upper confidence limits calculated at the 
95 % level. Where the MSWD equals 1, the assigned errors are the only source of scatter 
(Ludwig, 2000). Where the MSWD is in excess of the calculated upper limit, either the 
analytical errors are underestimated or non-analytical scatter is included in the data. Where the 
MSVVD is considerably below the lower limit, the analytical errors are likely to have been 
overestimated or unidentified error-correlations exist (Ludwig, 2000). 
Weighted mean zircon U-Th-Pb ages of the 21 intrusions are listed in Table 3.1. 
Intrusions that display an MSWD in excess of the calculated upper limit, probably represent 
the analysis of a mineral inclusion, a grain that has undergone Pb loss or one that contains 
unidentified inherited zircon. In some cases, it is particularly difficult to select a population of 
dates with an acceptable calculated MSWD. For example, the Dark diorite has a normally 
distributed probability plot (Fig. 3.6) yet an excessively high MSWD. This could be because 
the selected interval consists of more than one igneous population, which are not statistically 
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resolvable or that the analytical errors have been underestimated. Concordia diagrams for the 
21 intrusive units are shown in Fig. 3.7. 
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Figure 3. 7. The concordia plots show only the data included in the final age calculation. 
uncorrected data included in the final age calculations. Discordant analyses have been culled 
following the process described above. The excluded data are listed in the appendix section 4, 
where they are described in detail. 
The age range of the Los Picos-Fortuna intrusions is between 42.3 and 38.0 Ma, and 
the age range of the Pajonal-Abra intrusions is between 42.9 and 37.4 Ma (Table 3.2). The 
intrusive sequence of the Los Picos-Fortuna intrusions is: Los Picos, Fortuna Gris, Fortuna 
Clara, Leucocratic intrusion and San Lorenzo porphyry, which is in agreement with the field 
relations mapped by previous workers (Maksaev et al., 1994; Tomlinson et al., 1995; Dilles et 
al., 1997). On the basis of U-Th-Pb ages, the intrusive sequence of the Pajonal-El Abra 
intrusions is: Pajonal diorite, Apolo leucogranite, Central diorite, Dark diorite, the El Abra 
aplik~, Equis monzodiorite, South granodiorite and the El Abra mine porphyry. However, field 
relations indicate that the Equis monzodiorite and South granodiorite are cut by the El Abra 
aplite (Dilles et al., 1997). The U-Pb zircon ages of the Equis monzodiorite, South 
granodiorite and Abra Aplite are within analytical error; therefore the correct intrusive 
sequence for the Pajonal-El Abra complex is: Pajonal diorite, Apolo leucogranite, Central 
diorite, Dark diorite, Equis monzodiorite, South granodiorite, the El Abra aplite, and then the 
El Abra mine porphyry. The CIC's age range is between 34.6 and 33.3 Ma and the intrusive 
sequence is: East porphyry, Radomiro Tomic major facies porphyry, Radomiro Tomic minor 
facie:s porphyry, West porphyry and then Bench porphyry (Table 3.1). The age of other 
intrusions included in this study are: Elena granodiorite 37.7 Ma, Opache mine porphyry 37.9 




During the analysis of the 21 intrusions for their crystallization ages, it became 
apparent that some zircons were inherited from previous magmatic events. For example, the 
Los Picos-Fortuna and Pajonal-El Abra intrusive suites display inheritance ranging from the 
intrusive events immediately preceding their emplacement to at least 70 Ma (Fig. 3.8). To 
fully understand the meaning of these age patterns, a further analytical session was 
undertaken, exclusively targeting zircon cores. The resulting inheritance ages are illustrated in 
Fig. 3.8, and show that the Los Picos-Fortuna and Pajonal-El Abra intrusive suites record 
evidence of a similar protracted magmatic history to that of the CIC. All the igneous 
complexes display a rise in magmatic activity prior to their final emplacement, as well as 
scattered inheritance back to 80 Ma. 
Quality control 
The reproducibility of the ELA-ICP-MS analytical method was monitored using a Los 
Picos sample (98-521) as an internal standard that was analysed during each session. The five 
analytical sessions give crystallisation ages for Los Picos that lie within analytical error of 
each other (once Pb loss and/or inherited grains have been removed), which show that the 
technique is capable of generating reproducible data (Table 3.2). 
TABLE 3.2. LOS PICOS AGES (SAMPLE 98-521) FROM FIVE ELA-ICP-MS 
SESSIONS RUN IN 2000 
Culled g£ains 
Date Age ± {2 s. e.2 N Total N MSWD Pb-loss Inherited Analytical 
2l8t Jan. 42.4 0.3 24 33 1.17 5 1 3 
28th June 42.0 0.2 15 30 2.33 9 0 6 
10th July 42.4 0.2 21 29 1.55 6 0 2 
26th Aug. 42.4 0.4 7 10 1.89 0 0 3 
4th Dec. 42.2 0.2 18 30 2.19 1 10 1 
Although the Los Picos age data from individual sessions can be interpreted to represent 
multiple populations (Figs. 3.9a to e), when the data from the 5 analytical sessions are 
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combined, Los Picos clearly exhibits a Type II probability distribution, with a crystallisation 
age of 42.3 Ma, and only minor evidence of Pb loss and inheritance. This sample provides a 
useful example of the statistical contrast between large and small numbers of analyses and the 
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Figure 3.8. These histograms display 
intrusion and inheritance dates from: Los 
Picos-Fortuna intrusive suite, the Pajonal-
El Abra intrusive suite and the CIC 
(Chuquicamata mine and Radomiro Tomic 
mine porphyries) respectively. 
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The accuracy of the ELA-ICP-MS technique has previously been confirmed through 
repeat analyses of three Chuquicamata mine porphyry samples by SHRIMP (Ballard et al. , 
2001). Further verification of the ELA-ICP-MS technique by SHRIMP analyses, was made 
during this part of the study through a similar comparison of the crystallisation age of 
Radomiro Tomic major facies porphyry (34.6 ± 0.4 Ma by laser, compared to 35.0 ± 0.3 Ma 
by SHRIMP) and the Opache mine porphyry (37.9 ± 0.2 Ma by laser, compared to 37.3 ± 1.0 
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Figure 3.9. Probability plots Los Picos data from five analytical sessions (sample number 98-
521). Plots A to E show individual analytical sessions in 2000 from the 21st January, to the 4th 
December. Plot F contains a summary of all unscattered and concordant Los Picos data (N = 
115). 
DISCUSSION 
The Los Picos-Fortuna/Pajonal-El Abra batholith 
Previous studies into the relations between the Los Picos-Fortuna and Pajonal-El Abra 
igneous complexes suggested a correlation between the two, based on geological mapping, 
petrology, geochronology and chemical data (Dilles et al., 1997; Tomlinson et al., 1995; 
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Maksaev and Tomlinson, 1995; Maksaev et al., 1995; Rosas, 1999). However, this is the first 
study to present the crystallisation ages for all these units, using the same analytical method. 
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Figure 3.10. The ELA-ICP-MS ages of the Los Picos-Fortuna and Pajonal-Ei Abra intrusions. 
This plot presents the basis for the chronological correlations between the Los Picos-Fortuna 
and Pajonal-El Abra intrusions, and also shows that the overall batholith was produced by near 
continuous magmatism between ca. 42.9 and 37.4 Ma. 
The results of the current study, as summarised in Table 3.1 and Fig. 3.10, provide 
strong support for the proposed correlation. Applying the results of this study, and guided by 
previous work, the following local units represent correlative equivalents: (1) Los Picos and 
the Pajonal diorite; (2) Fortuna Gris, the Central diorite, the Dark diorite, and the Equis 
monzodiorite; (3) Fortuna Clara and the South granodiorite; ( 4) The Leucocratic intrusion and 
the El Abra aplite, and (5) The San Lorenzo porphyry and the El Abra mine porphyry (Table 
3.1). Although there is a close similarity between the whole rock composition of the Apolo 
leucogranite and the Fortuna leucocratic intrusions, the two units are not correlative since the 
Apofo leucogranite is ca. 3 m.y. older. The geochronology presented here can be used to 
establish the intrusive sequences of the two intrusive suites. The intrusions that make up the 
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Los Picos-Fortuna/Pajonal-El Abra intrusive complexes appear to have been emplaced over 
ca. 5.5 m.y., between ca. 42.9 and 37.4 Ma, as illustrated in Fig. 3.10. 
The proposed correlation between the Los Picos-Fortuna and Pajonal-El Abra intrusive 
complexes is further supported by the close similarity between the whole rock REE 
geochemistry of the intrusions, and by the similarity between their inheritance histories. 
Average NMORB normalised REE profiles for the proposed correlative intrusions are 
compared in Fig. 3.11. Notice that the correlated intrusions have average REE signatures that 
are almost identical but which differ from other intrusions in the complex. 
Figure 3. 7 shows that the inheritance ages of zircons hosted by the Los Picos-Fortuna 
and Pajonal-El Abra intrusions are closely matched, suggesting that the source regions of both 
sets of intrusions experienced a similar increase in melting between ca. 55 and 43 Ma. Such a 
close fit between inheritance histories is unlikely to be a coincidence and it suggests that the 
intrusive suites were part of the same magmatic system. The close link between crystallisation 
age, intrusion chemistry and inheritance history, for intrusions on both sides of the West Fault, 
supports the hypothesis that the intrusive suites were once part of the same large intrusive 
body and have now been displaced sinistrally by ca. 35 km along the West Fault (Lindsay et 
al., 1995; Reutter et al., 1996; Dilles et al., 1997; Mclnnes et al., 1999). 
The Los Picos-Fortuna/Pajonal-El Abra intrusive complexes may be the product of 
repetitive magmatic processes that produced geochemically similar but temporally unrelated 
upper crustal intrusions. Alternatively, the complexes may have been fed from a progressively 
evolving magma chamber at depth. If the latter hypothesis is correct, the chemistry of the 
intrusions should vary systematically over time, whereas if the former is correct they should 
not. These hypotheses can therefore be tested by examining the variations in the chemistry of 
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Figure 3.11. Average NMORB 
normalized REE plots for each rock 
unit (Sun and McDonough, 1989). 
Los Picos-Fortuna units are shown 
by open circles and the Pajonal-El 
Abra units by open boxes. Plots A 
to E show the comparison between 
Los Picos-Fortuna units and their 
proposed correlative Pajonal-El 
Abra units. (A) Los Picos and the 
Pajonal diorite; (B) Fortuna Gris 
and the Central diorite, Dark diorite 
and the Equis monzodiorite (C) 
Fortuna Clara and the South 
granodiorite; (D) San Lorenzo 
porphyry and the El Abra mine 
porphyry; (E) Fortuna Leucocratic 
intrusion and the El Abra Aplite . 
The data for these plots are 
presented in chapter 5, Tables 5.3a 
and 5.3b. 
Chapter 3 
Figure 3.12 shows a plot of MgO against Si02 for the intrusions that make up the Los 
Picos-Fortuna/Pajonal-El Abra intrusive suite. Although there is considerable overlap between 
fields, the average MgO content of each unit shows a unidirectional decrease with age (Fig. 
3.12). Similarly, normalized average REE concentrations of the intrusions decrease with age 
(Fig. 3.11), although again, there is significant overlap between sequential units. Together, 
these data support the hypothesis that the batholith as a whole represents a single progressively 
evolving magma system, suggesting that the individual intrusions were fed by a large and 
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Figure 3.12. Plot A shows the variation in MgO with silica enrichment for the Pajonal-El Abra 
intrusive suite. Plot B contains data only for the Los Picos and Fortuna intrusive suite. Notice 
that both span a similar compositional range, although the Pajonal-El Abra data display more 
scatter because of alteration associated with porphyry copper mineralization. In plot B, Los 
Picos is shown as boxes, Fortuna Gris as circles, Fortuna Clara as upright triangles, the San 
Lorenzo porphyry as diamonds and the Leucocratic intrusion as inverted triangles. There is 
considerable overlap between the compositions of successive units, however, the average 
value for each decreases unidirectionally with magmatic evolution from Los Picos (in dark 
shading) to the Fortuna Leucocratic intrusion (in light shading). The average MgO and Si02 
contents for each intrusive unit are shown to within 2 sigma of the mean. The data for these 
plots are presented in chapter 5, Table 5. la. 
Tertiary magmatism 
Following on from the previous discussion, the Los Picos-Fortuna/Pajonal-El Abra 
intrusive complex appears to have been sourced from a single magma chamber, which evolved 
to produce a series of genetically related intrusions over a 5.5 m.y. period. Although such a 
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protracted magmatic lifespan is unexpected, it is not unique among similar igneous complexes. 
Previous work in the Potrerillos porphyry copper district shows that multiple Tertiary stocks 
produced from a single magma chamber were emplaced into the upper crust over at least an 8 
m.y. period (Marsh et al., 1997). 
Results from thermal modelling of the Bushveld complex, the largest known upper 
crustal magma chamber, indicate that it crystallized over approximately 200,000 years, 
independent of the number of pulses of magma injected into the chamber (Cawthorn and 
Walraven, 1998). Based on this evidence, it is not clear how the magma chamber that fed the 
Los Picos-Fortuna/Pajonal-El Abra intrusive complex could have survived for ca 5.5 m.y. 
without completely solidifying. To help resolve this problem, it is necessary to address the 
cause of cooling, which is heat loss. The only way for a magma chamber to remain molten is 
by inhibiting its heat loss. That is, if the magmatic system looses too much heat, then it will 
completely crystallise. So for a magma chamber to have survived for one to two orders of 
magnitude longer than the Bushveld complex, the liquidus temperature in the chamber must 
have remained very close to the temperature of the surrounding wallrock throughout the 
lifespan of magmatism. Therefore the magma chamber that generated the Los Picos-
F ortuna/Pajonal-El Abra intrusive complex must have been located in the lower crust, and 
resupplied repeatedly by magmas rising from the Farallon plate (i.e. Cloos, 2001). This 
argument is further supported by the abundance of inherited zircons in all the Los Picos-
F ortuna/Pajonal-El Abra intrusions (Fig. 3.8). For all these intrusions to contain inherited 
zircons, the wallrock must have been easily assimilated during the influx of new magma into 
the chamber, and consequently been close to its melting point (Huppert and Sparks, 1988). 
Porphyry copper mineralization 
In addition to resolving the relationship between the Los Picas-Fortuna and Pajonal-El 
Abra igneous complexes, the zircon U-Th-Pb geochronological results can be used to 
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constrain the timing of porphyry intrusion associated with copper mineralization relative to 
other felsic magmatism in the district. At least four porphyry copper systems were generated 
during the Tertiary in this region: Chuquicamata, Radomiro Tomic, El Abra, and Opache. The 
zircon U-Th-Pb zircon ages for these intrusions show that porphyry copper emplacement was 
not limited to a narrow time interval, but spanned an age range of almost 5 m.y., from 37.9 
± 0.2 to 33.3 ± 0.3 Ma. In the case of the Los Picos-Fortuna/Pajonal-El Abra intrusive 
complex, zircon geochronology and whole rock geochemistry show that the El Abra porphyry, 
which hosts the copper ore, is the youngest and most evolved unit in a series of related 
intrusions. 
A B 
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copper mineralization 0.1 ~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 3 .13. (A) Average NM ORB normalized whole rock REE profiles of the unproductive 
Pajonal/Los Picos intrusive suite and the El Abra mine porphyry, and (B) the CIC and Opache 
porphyries. The Opache mine porphyry is represented by closed diamonds, the Chuquicamata 
porphyries by open diamonds and the Radomiro Tomic mine porphyries by inverted triangles. 
The four intrusive units associated with copper mineralization are relatively evolved compared 
to the uneconomic Pajonal/Los Picos REE geochemistry. The similarity between the other 
productive intrusions and the El Abra mine porphyry indicates that they were probably 
produced by long lived magmatic evolution of a primitive magma. The arrows in plot A 
indicate the amount of melt evolution necessary to produce an ore-bearing REE signature. The 
data for these plots are presented in chapter 5, Tables 5.3a and 5.3b and also in the appendix 
section 7. 
Figure 3.13 shows that whole rock REE patterns of the ore-bearing El Abra mine 
porphyry is similar to the other ore-bearing intrusions in this district. Although there is no 
evidence of a protracted magmatic history for the other productive porphyries, the 
geochemical similarity between the El Abra mine porphyry, the Chuquicamata and Radomiro 
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Tomic porphyries, and the Opache mine porphyry, makes it likely that these intrusions were 
also fed by deep, long-lived magma chambers, similar to the one that fed the Los Picos-
F ortuna/Pajonal-El Abra intrusive complex. 
Inhe~ritance, regional plate tectonics and local magmatism 
The age of intrusions in the Chuquicamata-El Abra porphyry copper belt indicate a 
district scale break in upper crustal intrusive activity between the emplacement of the 
Montecristo intrusion at 63 Ma and Los Picos/Pajonal diorites at 43 Ma, representing a time 
gap of 20 m.y. Abundant inherited zircons with ages between 63 and 43 Ma suggest that 
magmatism at depth continued during this period. The implication is that magma continued to 
be supplied from the mantle to the lower crust during this period, but was prevented from 
ascending to higher levels in the crust. 
Variations in plate motion between the Farallon oceanic plate and the western margin 
of the South American continent may explain the local absence of upper crustal magmatism 
between 63 and 43 Ma in the Chuquicamata-El Abra belt (i.e. Table 3.1 and Fig. 3.8). From 
ca. 60 Ma, during the Paleocene and early Eocene, relatively high convergence rates between 
the Farallon and South American plates (Pardo-Casas and Molnar, 1987) led to considerable 
uplift and deformation in northern Chile. Although the high subduction rates associated with 
rapid convergence may have led to an increase in magma production, no magma reached the 
upper crust between 63 and 43 Ma in this district. It is suggested that the magma produced 
ponded in the lower crust and was unable to penetrate to higher levels because of the high 
level of horizontal stress acting in the overlying crust. Between the mid- to late Eocene ( 45 
Ma) and late Oligocene (26 Ma), convergence rates decreased from ca. 145 to 70 mm/yr 
(Pardo-Casas and Molnar, 1987), leading to significant strike-slip deformation. At around 38 
Ma an extensive (>2000 km) arc parallel strike-slip zone of deformation is thought to have 
developed, termed the Precordilleran Fault System (Reutter et al., 1996). These changes in 
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collision style resulted in a relaxation of the overall compressive regime and in this district 
may have allowed previously trapped magmas to rise through the crust and form extensive 
shallow level, progressively evolved igneous intrusions that make up the Los Picos-






Studies of magmatic-hydrothermal Cu ± Au deposits reveal a persistent spatial 
association with oxidized cale-alkaline intrusions (e.g. Ishihara, 1981; Candela, 1992; Blevin 
and Chappell, 1992; Hedenquist and Lowenstern, 1994). This association suggests that a 
genetic link exists between oxidized magmas and processes leading to Cu ± Au 
mineralization, most likely involving the redox-related speciation of magmatic sulphur and its 
influence on the fractionation of chaleophile elements. From the perspective of mineral 
exploration, this association means that the oxidation state of intrusions could be used as an 
empirical criterion to distinguish between ore-bearing and barren magmatic-hydrothermal 
systems. It is, therefore, of considerable scientific as well as economic interest to determine 
the magmatic oxidation state of such intrusions. Unfortunately, empirical redox indicators 
such as the whole rock Fe(Ill)/Fe(II) ratio and quantitative oxygen barometers based on Fe-Ti 
oxides are prone to resetting during slow cooling of intrusive rocks and rarely survive 
processes of hydrothermal alteration and surficial weathering. This section of the study 
presents a method of determining the Ce(IV)/Ce(III) ratio in zircon and how to apply these 
ratios to examining the evolution of relative oxidation state in a suite of barren and ore-bearing 
calc-alkaline intrusions. Zircon is well suited to this task as it is a widespread accessory 
mineral in cale-alkaline igneous rocks and is resistant to hydrothermal alteration and physical 
and chemical weathering. Zircon partitions Ce(IV) in strong preference to Ce(III) which 
means the Ce(IV)/Ce(III) ratio should be a very sensitive and robust measure of magmatic 
oxidation state. 
This section of the study is principally based on the Los Picos-Fortuna/Pajonal-El Abra 
intrusive complex. As has previously been discussed, the intrusive complex is cut by the West 
Fault, which has displaced the Pajonal-El Abra intrusive suite ca. 35 km to the north of the 
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Los Picas-Fortuna intrusive suite. The Los Picos-Fortuna/Pajonal-El Abra intrusive complex 
was emplacement over a period of 5.5 m.y. and shows a systematic chemical evolution with 
time through a sequence of barren intrusions, culminating in the ore-bearing El Abra 
porphyry. Therefore, the intrusive complex provides the opportunity to study whether 
oxidation state plays any part in controlling the economic potential of a porphyry copper 
system. In addition, the Los Picos-Fortuna/Pajonal-El Abra results are supplemented by zircon 
analyses from the three other studied ore-bearing associations in the belt: Chuquicamata, 
Radomiro Tamie and Opache. 
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Zircon trace element analysis 
Figure 4.1. This simplified map is 
the same as Fig. 3 .1, and the 
samples are the same as those 
analysed for U-Th-Pb isotopes in 
zircon (refer to Figs. 3.2 and 3.3). 
The closed symbols indicate 
samples collected from ore-bearing 
l"ntfU"lVP "llltP" and open svmhnJ" U..I. 1'"""' UW.1.11.<""'U' J .I. .&.'-''-'.LU 
indicate samples collected from 
uneconomic units. 
Zircons were separated by standard magnetic and density methods (Allen et al., 1998) 
from 2 kg samples collected from drill core and outcrop (Fig. 4.1). The separated grains were 
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mounted in epoxy and polished to expose their centres. Using a combination of 
cathodoluminescence and optical microscopy, the clearest, least fractured and inclusion free 
rims were selected for ablation (Fig. 4.2). 
Figure 4.2. Cathodoluminescence (CL) and transmitted light images of zircons from the 
Montecristo intrusion. The CL images show that some of the zircons have been analysed by 
ELA-ICP-MS, the approximate spot diameter is 29 µm and the location of the ablation pits has 
been marked on the transmitted light image. 
Sample mounts were placed in a custom designed sample cell flushed with Ar and He 
(Loucks et al. , 1995; Eggins et al., 1998). Laser ablation was accomplished using a pulsed 
Lambda Physik LPX 1201 UV ArF excimer laser operated at a constant voltage, between 21 
and 23 kV, at 5 Hz, with a spot diameter of 29 µm. The ablated material was carried by the 
He-Ar gas via a custom-made flow homogeniser to the ICP-MS. Raw count rates for the 
indicated isotopes were recorded in time-resolved mode, peak hopping in pulse counting 
mode. Data were acquired for 20 seconds with the laser off and 40 seconds with the laser on, 
giving approximately 120 mass scans for a penetration depth of ca. 20 µm. Each block of 8 
unknowns was bracketed by analysis of a standard and took approximately 20 minutes. Data 
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were acquired during three separate analytical sessions. The first employed a Perkin-Elmer 
BLAN 6000 ICP-MS, whereas the final two sessions used an Aligent 7500 ICP-MS. Four 
samples were repeated to ensure that both instruments produced consistent analytical results. 
Fused whole rock glasses were analysed in an identical way to the zircons. 
Raw elemental count rates were converted to concentrations (in parts per million) 
using an Excel based spreadsheet. Corrections were made for mass bias drift which was 
evaluated by reference to standard glass NIST 612 (Pearce et al., 1997). After triggering, it 
took 3 to 4 mass scans for the count rates to reach a steady state, so these initial data were 
excluded from the calculations. Trace element concentrations were obtained by normalising 
count rates for each analysed element to those for Si and assuming Si02 to be stoichiometric in 
zircon with a concentration of ca. 32.8 wt. %. 
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Figure 4.3. Raw signal intensities (ions/sec) for 31P, 139La, 166Er and 175Lu obtained from ELA-
ICP-MS analysis of a zircon from the El Abra complex. The rapid rise and fall of the 31 P and 
39La count rates in the shaded interval (42-52 sec, 11-16 µm depth) with no effect on the 
heavy REE (HREE) counts, is interpreted to be due to an inclusion of light REE (LREE) 
enriched apatite. Such data intervals are excluded from the Ce(IV)/Ce(III) calculations 
described in the text. 
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Although care was taken to select the most suitable analysis sites, it is difficult to avoid 
all subsurface heterogeneities. Apatite is a common inclusion in zircon, which is LREE 
enriched and so can strongly perturb LREE concentrations in zircon. To monitor for apatite 
inclusions, phosphorus was included in the list of elements analyzed. Zircons with high P 
count rates almost always displayed correspondingly high levels of LREE, usually within 
discrete depth intervals (Fig. 4.2), consistent with the apatite inclusion hypothesis. These data 
intervals were excluded from the calculations. 
Whole rock trace element analysis 
Whole rock powders were mixed with a thulium spiked lithium metaborate flux, fused 
at 1200°C, and quenched to produce homogeneous glass beads. Glass chips were then 
separated from each bead and set in an epoxy mount. The ELA-ICP-MS analyses followed a 
similar approach to zircon analysis. Whole rock glasses were ablated using a spot diameter of 
103 µm, background data were acquired for 30 seconds with the laser off, and trace element 
data were acquired for 60 seconds with the laser on. This gave a total of approximately 180 
mass scans for a penetration depth of ca. 30 µm. Whole rock trace element concentrations 
were obtained by normalising counts for each analysed element to the doped Tm concentration 
of ca. 27 ppm. These were checked against XRF-based CaO compositions in sample replicates 
and well documented standards (see chapter 5). 
Platinum analysis 
In addition to zircon and whole rock trace element data, whole rock Platinum Group 
Element (POE) and Au concentrations were obtained for selected samples. The PGEs and Au 
were concentrated using a nickel-sulphide fire assay method and analyzed by isotope dilution 
using an Agilent 7500s ICP-MS (Ravizza and Pyle, 1997; C. E. Martin pers. commun., 2000). 
Platinum concentrations are reported in parts per billion and were calculated by: (1) 
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subtracting instrument background, (2) correcting raw count data for isobaric interferences, (3) 
subtracting the fusion blank, and (4) applying mass bias correction factors based on within-run 
standards. A more detailed description of the PGE and Au analytical technique is outlined in 
the appendix section 4. 
THEORY 
.. . the formulations and descriptions in this section draw directly on the unpublished work 
of D;r. J.M. Palin .... 
Zircon (ZrSi04) is an accessory mineral in most igneous rocks of intermediate to felsic 
composition. Tetravalent cations of appropriate size such as Hf, Th, and U readily substitute 
for Zr as do the trivalent HREE, although the exact mechanism of charge compensation is 
uncertain (Hanchar et al., 2001). In contrast, the LREE are strongly excluded by zircon except 
for Ce that usually exhibits a chondrite-normalized concentration higher than those of the 
adjacent LREE, La and Pr (Fig. 4.3). Such a positive Ce anomaly is unique among igneous 
mine~rals and indicates that Ce(IV) is partitioned into zircon in strong preference to Ce(III) 
because of its identical charge and similar size in 8-fold coordination (0.97 A) to Zr (r = 0.84 
A). Although Eu(III) should also be incorporated preferentially into zircon relative to Eu(II), 
the nedox signal may be complicated by the effects of plagioclase crystallization. 
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Figure 4.4. Chondrite normalised REE concentrations in zircons from samples of the West 
porphyry within the Chuquicamata mine and Los Picos. 
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In order to use the Ce anomaly in zircon as a measure of oxidation state, the 
Ce(IV)/Ce(III) ratio must be determined. Spectroscopic methods are inappropriate because 
valence states are unlikely to be retained subsequent to crystallization and Ce is present at 
trace concentration levels in zircon (e.g. tens to hundreds of ppm). Instead, an indirect 
approach as described by Philpotts (1970), is employed. Philpots' method for determining the 
Eu(III)/Eu(II) ratio in plagioclase based on chemical analysis of two equilibrated phases is 
modified for the case of Ce(IV) and Ce(III) in zircon. The total concentrations of Ce in zircon 
and coexisting melt can be considered as sums of Ce(IV) and Ce(III) in each phase: 
Cezircon = Ce(IJI)zircon + Ce(JV)zircon (1) 
Cemelt = Ce(l/l)melt + Ce(N)melt (2) 
By introducing separate distribution coefficients for Ce(IV) and Ce(III), these two equations 
can be combined to give: 
( Ce . - Ce(N) . ) Ce(IV) C = , zircon zircon 1 + · zircon 
eme1t Dzirconfmezt D zirconfmezt 
Ce(lll) Ce( IV) 
(3) 
which upon rearrangement yields: 
1 
Ce zr - . I k Ce . me n zircon roe zircon 
C (Iv) Ce(III) e zircon = ---1--~~-i--- (4) 
nzircon/rock n zircon/rock 
Ce( IV) Ce(III) 
Substituting equation ( 4) into equation (1) and solving for the concentration of Ce(III) in 
zircon gives: 
1 
Ce 1 - . 1 k Ce . me t nz1rco11 roe zircon 
Ce(//l) zircon = Cezircon - ---l.,.--_C_.e(~lll_..) _ _,l,.....--- (5) 
Dzircon/rock D zircon/rock 
Ce(IV) Ce(III) 
Equations (4) and (5) can then be combined, rearranged and simplified to produce the 
following expression for the Ce(IV)/Ce(III) ratio in zircon: 
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C Ce zircon e ------""-"~ 
melt D zircon/melt 
( Ce(IV)/Ce(/II)) . = Ce(lll ) zircon Ce -~zir~co=n- _ Ce 
D zirco11/melt melt 
Ce(N ) 
(6) 
The analogous expression for the Eu(III)/Eu(II) ratio in zircon is: 
E Eu zircon u --~~-
melt v zirco11/melt 
(Eu(lll)/ Eu(//)) . = E Eu(II) 
z1rCOll U 
zircon -Eu 
v zirco11/melt melt 
Eu(lll) 
(7) 
To solve equation (6) for the Ce(IV)/Ce(Ill) ratio in zircon, four values are needed: 
concentrations of Ce in zircon and melt and zircon-melt distribution coefficients for Ce(IV) 
and Ce(III). The first value is measured directly by in situ analysis of zircon using ELA-ICP-
MS, the second value is assumed to be equivalent to the whole .rock concentration of Ce also 
measured by ELA-ICP-MS, and the partition coefficients for Ce(IV) and Ce(Ill) can be 
estimated on the basis of crystal-chemical constraints on trace element partitioning. 
It has been known for some time that when mineral-melt distribution coefficients for 
isovalent cations are plotted as a function of ionic radius (i.e an Onuma diagram) they form 





8 r..i 0 !~ Q -2 
.S -4 Chuquicamata 
•
6 
•· West porphyry Lris Pi cos diorite 
-8~-~ ---~--~--~--~--~--~~-~-~~-~ 
1.10 1.05 1.00 1.15 1.10 1.05 1.00 
Ionic radius (j..tm) Ionic radius (j..tm) 
Figure 4.5. Zircon data from Fig. 4.4 normalised to average rock REE values for each unit (as 
a proxy for melt) instead of chondrite. The natural logarithm of these zircon/rock REE 
distribution coefficients are plotted versus ionic radius of the REE, producing steep parabolic 
curves characteristic of Onuma diagrams. 
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The apex of each parabola corresponds to the optimal size of the crystal site into which 
the cations substitute and its curvature reflects the elasticity of the surrounding lattice. Bluntly 
and Wood (1994) quantified this effect with a thermodynamically based model relating the 
mineral-melt distribution coefficient (Di) for a cation to the lattice-strain energy (LiG) induced 
by its misfit into a given crystal site: 
(9) 
where Do is the hypothetical strain-free distribution coefficient for a cation of optimal radius, 
R is the gas constant, and T is absolute temperature. The lattice-strain energy depends on the 
difference between the ionic radius of the cation (n) and the optimal site radius (ro) through 
the Young's Modulus (E) of the host crystal: 
LiG = 41rENA[ ~ {r, - rc,)2 + ~ {r, - r,)'] (10) 
where NA = Avogadro's number. Although the lattice-strain model may not explain all 
partitioning behavior (e.g. Ghaderi et al., 1999; Klein et al., 2000), it captures the first-order 
characteristics, especially for structurally and compositionally simple minerals such as zircon. 
Combining equations (9) and (10) and taking logarithms yields a linear relation 
between mineral-melt distribution coefficients for a series of isovalent elements and a term 
involving their ionic radii: 
(11) 
When plotted according to equation (11) and assuming ro = 0.84 A for Zr in 8-fold 
coordination, zircon-melt(rock) distribution coefficients for tetravalent and trivalent cations, 
exclusive of Ce and Eu, each form a linear array (Fig. 4.6). 
These straight lines correspond to parabolas on Onuma diagrams. Because Ce and Eu 
are present as mixtures of Ce(IV) and Ce(III) and Eu(III) and Eu(II) in terrestrial magmas, the 
distribution coefficents for bulk Ce and Eu will fall somewhere between the tetravalent and 
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trivalent and trivalent and divalent trends respectively (Fig. 4.6). If all Ce were present as 
Ce(N), it would fall on the tetravalent line along with Zr, Hf, U(IV) and Th. Conversely, if all 
the Ce was Ce(III), it would plot on the line defined by the trivalent REE. By fitting a line to 
the trivalent REE array, a value for Dge7~1~metr can be estimated. 
Figure 4.6. The same data shown in Fig. 4.5, except that the zircon/rock distribution 
coefficients are plotted versus a site size parameter modified from Bluntly and Wood (1994). 
Data for the trivalent REE define a straight line when plotted using these coordinates. 
A similar procedure can be applied to the tetravalent (Zr-Hf-U-Th) trend to estimate a 
Dg;~~mett value. The resulting distribution coefficients can be substituted into equation (6) and 
used to calculate the Ce(N)/Ce(III) ratio in zircon. Because of the extremely slow diffusivities 
of trivalent and tetravalent cations in zircon (Cherniak et al, 1997s), such elemental 
characteristics will survive as long as the zircon crystal remains intact and thus will record the 
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Figure 4.7. The measured Ce of the West porphyry sample number 2 (A) and Los Picos 
sample number 3 (B) provides the total Ce in the zircon. By estimating the theoretical pure 
trivalent and tetravalent Ce concentrations from the trivalent and tetravalent cations, it is 
possible to determine the Ce(IV)/Ce(III) zircon ratio. 
RESULTS 
Zircon trace element data are presented in Table 4.1 and average whole rock trace 
element data are listed in Table 4.2. Calculated zircon Ce(IV)/Ce(III) and EuN/EuN* ratios are 
listed in Table 4.3 (where subscript N indicates chondrite normalization and EuN* = (SmN • 
GdN) 112). In cases where zircon REE concentrations were close to the detection limit of the 
ICP-MS, no Ce(IV)/Ce(III) ratio has been calculated because of the large uncertainties 
involved. Individual grain and sample average zircon Ce(IV)/Ce(III) and EuN/EuN* ratios are 
plotted versus host intrusion age in Fig. 4.8. 
The older intrusions have zircons with lower Ce(IV)/Ce(III) and EuN/EuN* ratios than 
their younger counterparts and these ratios increase systematically with decreasing age, with 
the exception of the Leucocratic intrusion. Furthermore, these data also show that the 
intrusions directly associated with porphyry copper deposits contain zircons with the highest 
Ce(IV)/Ce(III) (>300) and EuN/EuN* ratios (>0.4). 
Table 4.4 lists whole rock MgO, and Pt concentrations where available for whole rock 
samples of all the intrusions examined in this study. As has previously been discussed, trends 
ofMgO versus Si02 for the Pajonal-El Abra and Los Picos-Fortuna intrusive suites (Fig. 3.1 2) 
77 
Chapter4 
suggest that the two intrusive suites share the same simple differentiation history. Figure 4.9 is 
a plot of Pt versus MgO which shows that barren samples of the Los Picos-Fortuna/Pajonal-El 
Abra batholith were progressively depleted in Pt, a strongly chalcophile element, during 
magmatic evolution. Such a trend indicates that these magmas were sulphide saturated. 
Platinum concentrations for the most evolved, ore-bearing El Abra and East (Chuquicamata) 
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Figure 4.8. Individual grain (A and C) and average (B and D) zircon Ce(IV)/Ce(III) and 
EuN/EuN* ratios for intrusions of the Chuquicamata-El Abra porphyry copper belt plotted 
versus intrusion age. CIC= Chuquicamata intrusive complex, including the East, West, and 
Bench porphyries in the Chuquicamata mine and the major and minor facies porphyries of the 
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Figure 4.9A. This variation 
diagram contains whole rock Pt 
concentrations for selected samples 
of barren intrusions from the Los 
Picas-Fortuna (open circles) and 
Pajonal-El Abra complexes (open 
squares). The Pt data are positively 
correlated with MgO, consistent 
with sulphide saturation during 
magma differentiation. Data for 
two ore-bearing samples, the El 
Abra mine porphyry (closed 
square) and Chuquicamata East 
porphyry (closed diamond), lie 
above this trend indicating that 
these magmas experienced less net 
sulphide fractionation relative to 
their uneconomic counterparts. 
Figure 4.9B. This diagram shows 
the variation of average whole rock 
MgO content \vith age for the Los 
Picos-Fortuna/Pajonal-El Abra 
intrusive complex and the East 
porphyry and Radomiro Tamie 
major facies porphyry. The figure 
shows that MgO depletion occurs 
during the evolution of the Los 
Picos-Fortuna/Pajonal-El Abra 
intrusive complex. The CIC 
intrusions are the most MgO-
depleted, which suggests that they 
may be the fractionated result of 
magmatic evolution like the most 
evolved Los Picos-
Fortuna/Pajonal-El Abra intrusions. 
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TABLE 4.1. TRACE ELEMENT CONCENTRATIONS (in ppm) OF ZIRCONS 
ANALYSED BY ELA-ICP-MS FOR THE TWENTY-ONE STUDIED UNITS 
























11/15/99 98-610.l I.IS 0.2SJ 47.9 0.23 
6/21/00 98-610. l 0.30 0.044 19.3 0.10 
7.31 
1.59 
S.22 I .86 
3.29 2.01 




28.4 9.S I 17 42.4 207 
23.4 9.2 112 43.9 21 I 
11 / 15/99 
6/21/00 






11 / 15/99 98-610.4 
6/21/00 98-610.4 
11 / 15/99 98-610.5 
6121 /00 98-610.5 
11 / 15/99 98-610.6 
6/21/00 98-610.6 




11 / 15/99 98-610.9 
6/21 /00 98-610.9 
11 / 15/99 98-610.10 
6/21 /00 98-610.10 
11 / 15/99 98-609.l 
6/21/00 9 8-609 .1 
11 / 15/99 98-609.2 
6/21/00 98-609.2 
I.OJ 0.032 60.0 0.12 9.02 
0.29 0.062 3S .8 o.os 0.76 
3.0S S.321 60.3 1.41 10.8S 
0.12 13.S 0.01 0.21 
0.72 0.144 20.4 0.24 3.0S 
0.29 0.014 33.J o.os 0.S2 
1.3 I 0.042 31.6 O.o? 4.38 
0.39 0.496 3S.0 0.10 0.94 
0. 79 0. I 26 39.0 0.3S S.84 
0.36 0. I 3S 49.S 0. JO 1.22 
0.60 0. I 70 68.0 0.28 9.23 
0.38 0.029 42.0 0.06 1.06 
I.JO 0.438 2S.2 0.29 4.16 
0.30 0.018 39.9 0.02 0.61 
0.SS 0. I 79 49.S 0.44 6.S8 
0.30 0.060 21.1 0.02 0.SS 
0.81 0.380 48.0 0.33 7.22 
0.31 0.016 S2.6 0.14 2.36 
2.80 2.928 48.2 1.33 I 1.68 
0.27 0.030 26.8 0.06 0.98 
0.8S 0.498 33.2 0.3S 6.07 













1.43 0.9S I 0.0 2.S 3S 
1.23 0.S4 8. 1 3.1 39 
1.69 0.88 10.9 3.2 41 
1.62 0.68 10.0 3.7 4S 
2.SO 0.78 14.2 4.S S6 
2.67 0.99 IS.8 s.s 6S 
S.24 1.34 24.6 8.0 107 
2.S3 0.98 14.7 S.4 6S 
2.09 1.12 I 1.2 3.S 48 
1.70 0.69 I 1.2 4.4 S7 
4.12 1.56 21.6 7.7 106 
1.41 0.72 9.2 3.7 47 
2.38 0.8S 16.1 S.2 70 
S.81 3.29 38.3 12.9 140 
S.S4 1.69 23. I 7.S JOO 
2.11 0.84 I l.S 4.2 49 
3.81 2.08 19.2 s.o S2 
1.04 0.40 S.6 2.2 29 
Po 11/15/99 98-609.3 1.09 0.43S 68.0 0.11 10.34 S.06 1.63 21.2 6.8 89 
Po 6/21/00 98-609.3 0.39 0.017 72.6 0.08 1.96 S.03 1.88 32.9 11.3 127 
Po 11/15/99 98-609.4 1.48 0.301 41.0 0.34 7.44 3.30 1.40 17.3 S.7 79 
Po 6/21/00 98-609.4 0.3S 60.0 0.10 1.32 3.61 1.57 21.6 7.9 93 
Po 11 / 15/99 98-609.5 2.47 O.SIO 36.0 0.33 S.S2 2.22 1.00 13.3 3.6 S3 
Po 6/21/00 98-609.5 0.39 0.044 63.0 o.os t.03 3.28 1.27 23.9 9.1 108 
Po 11 / 15/99 98-609.6 !9.3S O.S46 34.8 0.26 S.88 2.01 0.67 10.7 3.S 4S 
Po 6/21/00 98-609.6 0.23 0.021 37.2 O.OS 0.72 1.67 0.63 I 1.6 4.2 S3 
Po 11 / 15/99 98-609.7 S.44 1.267 18.4 0.18 2.63 2.12 0.77 8.4 2.9 34 
Po 6/21 / 00 98-609.7 0.40 0.019 8S.I 0.08 1.61 3.29 0.86 22.2 8.4 JOO 
Po 11115199 98-609,8 0.74 o.601 33.2 0.06 5.81 2.62 0.76 14.! 5.3 72 
Po 6/21/00 98-609.8 0.32 0.076 33.2 0.06 0.53 !.49 o.s1 9.6 3.s 41 
Po 11 / 15/99 98-609.9 0.3S 0.169 2S.6 0.41 4.46 1.91 0.38 8.S 2.8 39 
Po 6/21/00 98-609.9 0.34 0.027 17.9 0.04 0.78 2.39 0.S4 13.7 S.I 62 
Po 11 / 15/99 98-609.10 t.07 0.008 16.9 0.17 2.82 0.81 O.S7 4.2 1.8 27 
Po 6/21 /00 98-609.10 0.72 O.IS6 12.6 0.12 0.17 0.68 0.20 3.2 1.2 14 
Pb 11 / 15/99 98-603.l 1.03 0.180 61.6 0.44 8.4S S.40 1.52 28.I 9.6 11 8 
Pb 6/21/00 98-603. l 1.2S 0.039 S6.8 0.06 0.97 2.S4 1.02 19. I 7.4 87 
Pb 11/15/99 98-603.2 0.79 0.314 42.6 O.SI 8.50 7.66 2.21 33.S 10.2 120 
Pb 6/21/00 98-603.2 0.30 0.103 29.7 0,07 0.97 1.90 0.70 12.6 4.9 s8 
Pb 11 / 15/99 98-603.3 0.94 0.294 68.S 0.14 9.79 S.SI 2.30 33.7 9.7 122 
Pb 6/21 /00 98-603.3 0.30 0.094 22.0 O.OS 0.74 1.20 0.41 6.9 2.S 33 
Pb 11 / 15/99 98-603.4 1.56 0.163 13.4 o.os 2.97 2.22 0.79 13.3 4.6 58 
Pb 6/21/00 98-603.4 0.44 0.077 39.9 0.24 3.Q4 4.76 1.30 24.S 7.S 79 
Pb 11 / 15/99 98-603 .5 9.47 6.600 71.2 2.30 16.IS S.26 1.86 21.3 6.4 82 
Pb 6/21/00 98-603 .5 0.23 0.073 2S.2 0.04 0.44 0.90 0.39 S.7 2.1 26 
Pb 11/15/99 98-603.6 1.08 0.169 46.4 0.42 7.27 3.34 1.48 17.7 S.8 71 
Pb 6121 /00 98-603.6 0.26 0.013 37.S 0.04 0.68 1.94 0.80 I 1.9 4.2 49 
Pb 11 / 15/99 98-603.7 0.94 o.1ss 38.8 0.23 6.32 3.66 2.03 19.7 6.7 8S 
Pb 6/ 21 /00 98-603.7 0.31 O.o38 46.6 o.os o.87 2.13 o.81 12.8 4.6 s6 
Pb 11/15/99 98-603.8 1.21 2S.438 62.s 4.47 17.47 4.73 0.93 2S.4 10.4 152 
Pb 6/21 /00 98-603.8 o.s2 0.224 S3.3 o.1 s 1.8s 3.ss 1.16 20.6 7.3 84 
Pb 11 / 15/99 98-603.9 o.s1 o.oso 20.s 0.60 9.2s 10.37 1.2s 3S.7 10.2 109 
Pb 6/ 21/00 98-603.9 0.24 0.012 24.2 0,02 0.43 0.79 0.37 S.6 2. I 27 
Pb 11 / 15 /99 98-603.10 2.9s 4.080 62.6 1.37 13.90 2.93 o.98 16.s s. 1 10 
Pb 6/ 21/00 98-603.10 0.22 0.026 43.6 0.04 0.92 1.80 0.63 I 1.2 3.9 46 
PRTmaj 6/ 27/00 98-695. l 0.30 0.004 20.8 0.04 o.91 1.98 0.72 10.9 4.1 48 
PRTmaj 6/27/ 00 98-695.2 0.3S 0.002 34.0 0.02 0.56 1.44 0.82 10.9 4.S SS 
PRTmaj 6/ 27/00 98-695.3 0.37 0.019 40.3 0.06 0.82 2.1 I 0.78 I 1.4 4.0 47 
PRTmaj 6/27/00 98-695.4 0.31 0.003 38.9 O.o? 1.04 3.IS 1.24 16.4 S.3 64 
PRTmaj 6/27/ 00 98-695.5 0.27 0.009 16.6 0.01 0.26 0.81 0.31 S. I 2.1 27 
PRTmaj 6/27/00 98-695.6 0.33 o.oos 32.8 0.01 0.58 1.24 o.60 8.4 3.4 44 
PRTmaj 6/27/00 98-695.7 o.2s 0.006 23.7 0.02 0.48 0.88 0.43 6.0 2.4 29 
PRTmaj 6/27/00 98-695.8 0.32 o.ooo 32.3 0,03 0.46 1.69 o.s1 10.3 4.0 SI 
PRTmaj 6/27/00 98-695.9 o.ss 0.019 67.8 0.09 1.77 4.42 1.52 27.S 10.s 126 
PRTmaj 6/27/00 98-695.10 0.29 0.001 23.9 O.o3 0.42 1.00 0.42 7.1 2.7 3S 
PRTmin 6/27/00 98-081.1 o.ss O.IOS 43.7 0.08 0.88 t.87 0.71 12.4 4.8 61 
PRTmin 6/27/00 98-081.2 0.26 0.011 21.2 0.09 t.06 2.31 0. 83 10.6 3.6 42 
PRTmin 6/27/00 98-081.3 0.32 0.140 34.S 0,07 0.71 1.52 0.63 9.9 3.8 47 
PRTmin 6/27/00 98-081.4 0.36 0.004 48.2 o.os I.IS 2.S6 1.24 19.S 7.6 94 
PRTmin 6/27/00 98-081.5 0.34 0.020 42.9 0.04 !.OJ 1.96 0.79 13.7 S.4 66 
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86.S 2416 S94 S37 
92.7 6794 80 3S 
7S.3 2397 733 1046 
49.2 10337 663 Sl3 
64.7 233S 931 814 
24.3 I IS7S 202 84 
S4 .7 2274 263 117 
62.S I 0202 S09 294 
49.9 2369 349 2S3 
66.3 9814 417 274 




274 S9.0 9814 S80 607 




86.4 I 0362 4 I 8 276 
S7.3 2487 307 164 
83.7 10620 412 247 31.4 
S0.9 S87 JOS.2 2427 S28 363 
26.9 307 72.S 10140 308 122 
38.0 486 9S.0 2S3S 603 336 
48.4 467 93.7 8370 303 233 
42.2 4SS 77.9 2026 219 191 
26.4 296 69.4 9986 399 217 
22.4 286 48.0 2297 479 282 
20.3 248 62.1 llS70 410 189 
40.7 471 88. I 2369 1043 1376 
Sl.9 S30 I 12.0 10299 614 S24 
38.3 4SJ 8S.4 2272 SJ 1 26S 
39.8 409 90.7 9483 642 S07 
30,6 387 78.8 2368 S69 342 
48.2 492 104.7 10146 S67 333 
19.7 2S3 43.S 1986 474 386 
28.3 31 I 70.8 9786 332 144 
16.5 220 37.S 2038 126 72 
S2.2 SSO I 27.0 9277 838 789 
32.4 370 67.4 2421 616 561 
21.6 233 54.3 I 0759 426 242 
24.3 331 70.6 2S87 438 188 
29.6 293 6S.3 7861 !SS !OS 
I 7.3 238 48.8 2S06 289 96 
8.4 93 23.2 979S I 77 89 




92.1 10938 609 3SO 
84.8 2416 3S2 361 
S6.S I 0603 378 278 
S3.3 S9S JOS.3 2469 SS7 477 
20.7 2S2 62.7 10747 399 164 
26.0 3 I 8 S0.9 2292 I 07 S7 
31.8 3SO 77.S I OS86 482 340 




43.S 10221 3S4 JS4 
80.3 2303 S24 349 
6S . I 10483 S34 373 
40.2 477 88.0 23S8 S4S 297 
30.4 34S 81.0 10324 764 SJ2 
78.2 838 I 37.6 2667 440 144 
41.9 463 104.9 12! 8S 7SS 648 
32.9 333 48.8 19S2 282 283 
I 7.6 210 
36.0 442 
S3.4 9Sl2 40S 184 
80.0 23SS 617 386 
23.0 2S6 S6.3 10601 4S3 300 
2S .3 28S S9.2 12S87 268 130 
36.3 44S I 03.8 I 28S7 S9S 276 
22.7 248 
29.4 
53.0 10365 487 438 
66.5 II 790 392 342 
49.0 9998 228 90 
325 
17.9 216 
30.9 387 85.7 12702 452 213 
210 47.5 12525 338 171 
334 70.6 I I 680 298 I 58 
772 162.7 12072 2194 2628 
282 65.4 I 1693 268 I 19 










S4.9 1081 I 30S 16S 
77.S I 1021 494 258 
96.8 I 1202 454 234 
83.3 10192 566 343 
22 4 2S4 S2 2 I 2461 S25 334 
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Code* Analysis ANU · Sr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf U Th 
date sam le ID 
PRTmin 6/27/00 98 -081.6 0.22 0.002 38.2 o.o3 0.71 1.60 0.69 9.4 3.6 42 17.2 86 22.4 2l4 s2.2 12461 s2s 334 
PRTmin 6/27/00 98-081.7 0.29 0.007 3S.9 o.oo 0.62 1.47 0.63 10.3 4.0 S2 22.2 121 32.3 371 84.3 IOSll 4S6 218 
PRTmin 6/27/00 98-081.8 0.27 0.062 29.7 0.06 o.s8 1.20 0.41 8.2 3.1 41 17.8 96 26.4 301 70.1 10268 38S 196 
PRTmin 6/27/00 98-081.9 o.36 O.OS4 Sl.2 0.07 1.23 3.20 1.12 19.0 6.8 81 31.1 !SS 39.1 421 86.S 10338 S7S 421 
PRTmin 6/27 /00 98-08 l. l 0 0.32 O.OOS 36.9 0.04 0.6S 1.69 0.66 11.0 4.4 S8 24.l 133 3S.S 412 91.7 10786 Sl8 246 
PAJ 6/27/00 00-195.l 0.3S 0.068 IS.I O.SS 7.23 IO.IS 0.87 42. 1 14.S !S3 S3.7 229 46.0 408 70.l 8SIS 4S3 494 
PAJ 6/27/00 00-195.2 0.29 0.036 21.3 0.47 7.14 10.81 0.68 4S.2 14.9 IS3 S2.1 223 46.2 412 69.7 10070 S44 S33 
PAJ(2) 6/27/00 00-195 .3 0.22 0.002 12.2 0.03 0.21 0.76 O.D7 4.7 2.0 27 12.8 73 20.0 218 42.3 11633 887 80 
PAJ 6/27/00 00-195.4 o.31 o.062 20.2 o.s7 7.82 11.32 0.82 46.I Is.o IS4 Sl.9 222 4S.8 412 69.1 98SS S06 498 
PAJ 6/27/00 00-195.5 0.23 0.003 14.6 0.09 2.07 4.21 0.3S 23.8 8.S 92 32.7 143 30.9 286 49.S 10232 312 271 
PAJ 6/27/00 00-195 .6 0.37 0.068 20.7 0.62 8.SS 11.33 0.69 4S.9 IS.O 156 S3.4 228 47.4 42S 71.3 10012 SSS S31 
PAJ 6/27/00 00-195 .7 O.SI 0.012 49.3 O.IS 3.18 6.60 0.2S 3S.O 14.6 174 66.1 314 72.0 684 116.9 14007 3636 1331 
PAJ 6/27/00 00-195.8 0.37 O.IOS 18.3 0.6S 8.S l 11.92 0.73 48.0 IS.S 166 S8.9 2S8 S2.0 464 78.7 8968 684 668 
PAJ 6/27/00 00-195.9 o.26 o.034 18.8 0.42 6.20 9.91 0.72 42.2 13.9 143 48.4 209 43.3 389 6S.4 9S73 434 436 
PAJ 6/27 /00 00-195. l 0 0.36 0.074 14.6 O.S3 6.9S 10.38 0.9S 47.4 I S.9 16S S7.2 247 SO.I 44S 76.S 8836 44S 493 
Apleuc 6/27/00 00-174.1 0.26 0.044 10.7 0.40 S.S3 7.11 1.17 29.8 9.4 99 33.7 ISi 32.S 284 49.6 768S 164 171 
Apleuc 6/27/00 00-174.2 0.21 o.oss 10.2 0.31 4.SS 6.S l 0.80 24.2 7.6 80 2S.7 111 23.S 213 3S.3 8682 13S 138 
Apleuc 6/27/00 00-174.3 0.17 10.0 0.09 1.37 2.63 0.47 14.0 s.o S1 20.0 89 20.0 189 32.3 844S 143 119 
Apleuc 6/27 /00 00-174.4 0. 17 0.011 7.4 0.03 o.73 1.70 0.27 8.0 2.9 34 12 .2 S9 13.3 131 23.2 7778 93 64 
Apleuc 6/27 /00 00 -174.5 O. IS 0.007 9.0 0.04 O.S6 1.1S 0.26 8.0 3.2 36 13.1 62 14.3 136 24.3 8389 118 8S 
Apleuc 6/27 /00 00-174.6 0.21 0.007 8.4 0.03 0.1S 1.6S 0.28 7.2 2.4 29 10.2 49 11.8 128 27.S 9604 614 69 
Apleuc 6/27 /00 00-174.7 0. 14 0.004 9.2 0.03 o.64 1.23 0.18 7.3 3.1 33 12.1 S7 12.8 128 22.6 8323 106 80 
Apleuc 6/27/00 00-174 .8 0.21 8.S o.02 0.76 1.90 0.32 9.S 3.2 40 13.8 63 14.S 141 24.9 8456 104 83 
Apleuc 6/27 /00 00-174.9 o.18 0.003 8.8 0.04 o.s2 1.42 0.20 8.8 3.2 37 13.2 64 14 .6 14S 2S.6 8S8S 108 78 
Apleuc 6/27/00 00-174.10 0.14 o.oos 7.6 0.04 o.74 1.83 0.36 9.8 3.S 42 14.7 69 IS.6 156 27.3 8064 88 71 
CD 6/27/00 00-131.1 0.22 0.018 IS.I 0.18 2.41 4.04 0.70 20.S 1.S 82 29.2 133 29.6 279 SO.I 8284 214 209 
CD(2) 6/27/00 00-131.2 0.20 0.001 11.0 o.o3 o.so 1.32 0.21 7.7 3.0 37 14.0 72 16.S 16S 30.9 9962 12s 89 
CD 6/27/00 00-131.3 0.42 0.072 18.4 0.44 6.61 9.92 1.66 48.3 17.0 19S 68.S 310 64.7 S89 103.1 8291 380 S06 
CD 6/27/00 00-131.4 0.28 13.7 0.09 1.83 3.27 0.69 18.I 6.6 77 28.1 137 31.8 31S S8.8 9640 234 197 
CD(2) 6/27/00 00-131.5 0.17 0.008 9.S 0.02 O.Sl 1.07 0.20 6.6 2.7 32 12.0 60 13 .9 140 2S.7 10238 98 67 
CD 6/27/00 00-131.6 0.20 o.oos 12.4 0.12 2.20 4.70 o.84 21.1 7.6 80 27.4 124 27.0 247 43.o 9414 134 138 
CD 6/27 /00 00-13 l. 7 0.17 o.oos 8.9 0.08 1.52 3.0S O.Sl 14.4 4.9 SS 18.4 86 19.2 186 33.1 8906 9S 91 
CD 6/27/00 00-131.8 o.39 o.032 21.2 0.34 4.97 8.76 1.29 41.4 14.3 161 ss.8 2S3 S4.2 S09 88.0 8Sl7 361 44S 
CD 6/27/00 00-131.9 0.22 0.001 11.8 0.12 1.87 3.11 0.62 16.1 S.9 67 23.8 114 2S.4 244 42.8 10226 IS9 128 
CD 6/27/00 00-131.10 0.20 0.012 12.4 o.os 1.04 2.23 0.44 12.9 4.8 S6 20.0 93 20.6 199 3S.l 9473 123 109 
DD 6/27/00 00-180.1 0.34 0.013 S2.8 0.18 2.88 S.63 1.21 30.9 11.6 131 48.6 228 S0.7 49S 89.S 9731 1199 1432 
DD 6/27/00 00-180.2 o.63 o.097 40.8 O.S1 9.1S 19.6S S.37 96.4 32.1 330 114.7 S06 107.7 987 176.7 8134 6S3 836 
DD 6/2"7/00 00-180.3 0.38 0.017 24.6 0.16 2.60 S.89 1.69 32.3 11.3 128 47.0 222 48.8 489 91.8 1132S 933 400 
DD 6/27/00 00-180 .4 o.72 0.073 46.1 0.6S 11.26 21.57 6.41 108.o 37.8 394 136.4 S93 124.l 1173 20S.7 833S 629 101s 
DD 6/27/00 00-180.5 0.42 0.033 21.7 0.32 4.80 9.2 1 2.64 44.6 IS.4 168 60.2 273 60.S S1S 106.S 9062 479 367 
DD 6/27/00 00-180.6 0.44 O.OS8 23.3 0.20 3.23 6.64 1.54 31.7 12.9 149 SS.2 2S3 S6.I S6S 103.3 9986 636 494 
DD 6/ 27/00 00-180.7 0.37 O.oS2 39.1 0.48 7.73 tS .30 4.39 74.8 26.2 279 99.6 432 93.2 882 1S6.9 7886 442 730 
DD 6/27/00 00-180.8 o.so 0.024 26.8 o.32 6.31 11.89 3.06 S8.1 20.s 220 77.9 348 74.9 716 123.9 97S4 466 562 
DD 6/27/00 00-180.9 0.41 0.026 22.1 0.31 S.62 10.40 3.08 48.0 17.0 182 63 .8 278 60.0 S16 IOI.I 8S69 286 3S9 
DD 6/27/00 00-180.10 0.71 o.016 39.8 0.14 2.94 6.61 1.26 34.8 14.4 164 62.6 300 72.2 740 130.0 13086 IS7S 947 
EMD 6/27/00 00-163.1 0.21 0.008 12.9 o.09 I.28 2.68 o.32 13.6 s.o 60 20.6 9S 21.6 204 36.3 10619 346 166 
EMD 6/27/00 00-163.2 0.20 o.004 10.1 o.04 o.94 2.09 o.s1 11.1 4.3 49 16.9 78 17.4 110 32.1 84S8 78 64 
EMD 6/27/00 00-163.3 0.21 o.016 11.6 o.19 2.70 4.2S 1.03 21.S 7.2 83 29.3 13S 30.2 286 S3.3 90S1 134 123 
EMD 6/27/00 00-163.4 o.1s o.006 10.8 0.01 0.60 1.44 o.34 7.6 2.9 33 11.7 S6 12.9 130 23 .9 9169 84 S9 










































6/27/00 00 -121.7 
6/27 /00 00-121.8 
6/27/00 00-121.9 
6/27/00 00-121.10 
6/ 27/00 00-165.1 
6/27/00 00 -165.2 
6/ 27/00 00-165.3 
6/27 /00 00-165 .4 
6/27/00 00-165.5 
6/27/00 00 -1 65.6 
0.13 10.0 0.01 0.43 
0.17 8.2 0.04 0.94 
0.3S 0.048 16.7 0.41 s.so 
0.21 11.9 0.06 1.08 
0.14 0.006 8.6 0.00 0.26 
0.19 10.9 0.06 1.37 
0.40 0.011 13.8 0.04 O.S9 
0.17 0.001 13.S o.os 1.07 
0.14 12.7 0.04 O.S8 
0.21 14.8 0.01 O.S3 
0.29 O.DJS 16.9 0.36 4.93 
O.IS 9.0 O.Dl O.SI 
0.18 0.008 13.8 0.07 1.77 
0.19 0.004 16.3 0.06 0.87 
0.13 10.7 0.02 0.38 
0.13 0.246 10.7 0.02 0.46 
0.2S 0.009 12.1 O.Dl 0.74 
0.18 0.002 9.9 0.08 1.00 
0.14 0.000 9.2 0.02 0.43 
0.2S 0.002 20.1 0.06 1.07 
0. 13 0.007 11.0 0.01 0.42 
1.14 0.37 7.3 2.6 30 
1.77 0.48 10.0 3.7 43 
8.S2 1.92 36.7 12.6 146 
2.17 O.S7 12.9 4.2 49 
0.83 0.17 4.9 1.7 21 
3.07 0.77 IS. I S.2 SS 
1.8S 0.34 9.9 3.6 41 
2.40 O.Sl 13.6 4.8 SS 
1.6S 0.38 9.7 3.S 39 
1.43 0.36 9.7 3.9 4S 
7.23 I.SI 29.S 10.2 110 
1.26 0.26 6.9 2.4 29 
3.13 O.S7 IS.3 S.O SS 
2.23 0.48 12.S 4.5 49 
1.32 0.26 6.8 2.6 29 
0.77 0.30 4.4 1.6 20 
1.40 0.28 8.4 3.0 35 
1.79 0.48 10.9 3.9 48 
1.21 0.23 S.8 2.2 26 
2.10 0.48 12.S 4.8 54 








00-176 .2 0.14 
00-176.3 0.19 
00 -176.4 I 88 
10.S 0.03 
0.004 16.2 0.04 
0.006 12.6 0.12 
0.040 51.0 0.31 
0.008 10.3 0.02 
0.001 10.8 0.02 
O.Sl 0.76 0.41 
1.04 2.49 0. 71 
1.79 3.02 1.14 
4.3 1.8 21 
11.8 4.1 44 




PAB 6/27/00 9921 156 994 
1.SI IS.1S 8.27 
O.S2 0.89 0.29 
0.19 0.78 0.24 
074 1 67 049 
81 
7S.4 23.9 254 
4.S 1.8 21 
3.9 l.S 18 

























































21.9 87S7 81 SS 
33.2 8242 68 43 
91.2 8243 2S6 277 
3S.8 9906 103 74 
17.1 9544 61 3S 
34.4 8799 79 63 
28.6 9SS7 120 91 
34.7 9286 113 99 
26.7 9194 9S 75 
41.l 10384 178 llS 
63.9 8S86 200 211 
22.1 9471 64 4S 
33.6 9492 111 101 
36.4 9779 









21.6 8S62 6S 39 
38.6 8671 213 223 
22.S 7S73 91 6S 
11.0 122 2S.2 9820 147 84 
18.4 182 34.9 8310 84 57 
20.6 21S 42.7 9044 167 146 
81.0 782 139.1 S981 188 2S7 
11.3 126 26.6 7912 137 101 
9.4 107 22.0 8989 106 SS 
JO 6 JJ& 69 9 8478 )46 99 
Chapter4 
Code* Analysis ANU Sr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf U Th date sam le ID 
PAB 6/27/00 00-176 .5 0.19 o.004 12.6 o.oo 0.11 0.96 0.25 4.9 1.9 24 9.5 so 13.2 157 34.3 9674 248 144 
PAB 6/27/00 00-176.6 0.34 0.018 28.2 O.G7 1.18 I.68 0.66 11.5 S.O 59 24.0 122 30.5 319 64.2 7649 333 268 
PAB 6/27/00 00-176.7 0.17 0.142 12.S O.Q3 0.62 0.67 0.19 5.4 2. 0 25 9.3 4S 10.l 107 21.0 8169 !OS 60 
PAB 6/27/00 00-176.8 I.II 1.746 S4.3 0.34 1.74 3.21 0.69 26. 1 11.0 149 61.2 3 12 78.0 82 1 160.0 12826 !07S 44S 
PAB 6/27 /00 00-176.9 o.30 o.056 11.3 0.08 0.63 1.65 o.s4 1. 1 2.3 30 10.8 54 13.9 IS5 30.7 10425 120 78 
PAB 6/27/00 00-176.10 0.13 10.2 0.16 0.52 0.11 2.1 1.2 14 5.S 29 8.0 87 19. I 9254 12 1 s1 
Lp 1Ill5/99 98-521.1 0.87 0.169 2 1.8 0.17 4.74 S.78 0.1S 28.7 9.7 137 48.S 219 S l.O 476 8S.3 2401 490 304 
Lp I Ill 5199 98-52 1.2 0.84 0.797 22.0 0.79 6.80 9.46 0.75 39.6 12.7 167 56.3 239 SI.I 4S4 1S.1 1958 570 860 
Lp 6/21 /00 98-521.2 0.32 0.006 28.0 0.20 3.S4 6.11 0.48 32.6 11.6 130 47.2 216 43.9 386 72 .9 8964 54 1 S40 
Lp 11115/99 98-521.3 1.31 0.326 19.9 0.68 8.5 1 12.9 1 1.92 6S.3 23.2 263 89.8 343 73.4 637 98.2 2105 45 1 s 11 
Lp 6/21 /00 98-521.3 0.23 0.011 21.3 0.11 2.68 S.34 0.48 27 . l 9.S 101 38.9 175 35.6 308 57.3 8081 365 339 
Lp 11 115/99 98-5 21.4 1.06 0.114 20.0 0.95 9.22 14.89 1.64 91.5 33.4 402 140.6 S40 113.2 962 157.0 2247 714 1088 
Lp 6/21/00 98-5 21.4 0.31 0.037 19.1 0.42 S.95 11.90 1.30 60.2 19.5 207 69.1 287 55.2 4S4 79. 1 72 18 393 485 
Lp I Ill 5/99 98-521.5 0.44 0.159 30.8 O.S9 7.80 8.99 1.06 49.6 17.6 219 76.9 320 69.7 63 1 107.7 2236 683 987 
Lp 6/21 /00 98-52 1. 5 0.37 0.009 25.1 0.16 2.76 5.44 0.51 30.6 11.5 139 55.3 270 57.7 S25 102.8 8150 603 399 
Lp 11 / 15/99 98-521.6 0.95 0.058 19.4 O.S3 7.99 l l.2S 1.22 69.3 23.2 292 103.5 400 85.0 732 120.9 2198 S80 838 
Lp 6/21 /00 98-52 1.6 0.39 0.02 1 25.0 0.1 8 3.31 6.58 0.57 33.9 12.8 150 57.7 277 S7.8 s11 91.4 7499 627 S88 
Lp 11 / 15/99 98-52 1.7 0.3S 0.414 16.9 0.19 6.74 10.67 I.08 44.0 14.6 112 S6.1 224 47.1 436 68.3 22 16 269 276 
Lp 6/21 /00 98-521.7 0.33 0.024 15.4 0.21 3.49 6.43 O.S4 3S.7 12.4 137 49.0 213 42.4 374 68.9 8071 324 282 
Lp 11 / 15/99 98-521.8 0.66 0.307 24.8 0.35 6.31 1.s1 o.84 32.0 10.3 130 45.7 197 42.9 414 67.0 2322 S33 628 
Lp 6/21 /00 98-5 21. 8 0.58 0.106 18.3 0. 14 1.80 3.S7 0.31 19.6 7.5 87 33.3 156 33.0 308 59.7 997 1 358 221 
Lp 11115/99 98-52 1.9 0.90 o.178 11. 1 0.12 6.64 9.23 1.02 46.3 14.3 169 57.2 237 49.5 460 77.0 2347 314 327 
Lp 6/21/00 98-521.9 0.42 0.047 19.6 0.48 6.88 10.76 0.83 54.0 18.9 209 72.4 314 61.5 525 93.7 9065 433 4S6 
Lp 11 / 15 /99 98-521.10 o.84 0.013 11.1 o.ss S.13 6.42 0.38 27.9 6.0 110 33.0 ISO 30.7 235 37.6 1385 19 6S 
Lp 6/21100 98-521.10 0.46 0.029 25.0 0.41 6.68 11.47 o.79 50.3 17.9 202 73.2 327 64.8 561 102.4 10213 604 584 
FtGr 11 115/99 98-576.1 0.54 0.014 16.0 O.G7 3.47 3.24 0.4 1 13.3 4.8 66 23.6 106 24.2 281 4S.2 2683 167 126 
FtGr 11115/99 98-576.2 0.49 o.333 8.8 0.30 2.s2 1.02 0.3S 7.3 2.4 21 9. 0 4S 10.9 147 19.3 2332 68 39 
FtGr 11115/99 98-576.3 0.93 0.044 20.2 0.51 6.4S 8.1S 1.69 38.8 11.5 148 S0.2 216 47.3 4S9 79.7 2338 279 323 
FtGr I 1115 /99 98-576.4 0.22 0.019 14.S 0.37 4.43 5.60 0.77 15.8 5.2 66 22.3 102 23.3 2S4 41.7 23 19 153 128 
FtGr 11115/99 98-576.5 0.76 0.182 13.3 0.31 2.74 3. 14 0.34 10.2 3.2 43 IS.3 69 16.0 192 28.7 2220 11 4 89 
FtGr 11 / 15/99 98-576.6 o.88 o.009 13. I 0.05 2.63 1.81 0.33 10.4 3.3 44 14.7 73 16.2 197 30.0 223 1 126 88 
FtGr 11 115 /99 98-576.7 0.45 0.703 11.4 0.22 3.52 2.69 0.66 14.1 4.4 57 18.6 90 20.1 227 35.3 2054 114 84 
FtGr I Ill 5199 98-576.8 0.17 0.018 9.4 0.43 4.2 1 2.35 0.39 12.7 2.9 44 14.8 70 16. 1 18S 28.0 2044 81 57 
FtGr 11115/99 98-576.9 0.34 0.327 19.5 0.43 8.06 9.66 I.98 44.2 13.S 157 ss.s 243 51.4 511 86.S 2081 263 306 
FtGr 11 /15 /99 98-576.10 0.56 0.004 12.2 0.22 2.74 2.00 0.43 6.2 2.0 29 II.I 54 12.3 169 24.7 22 14 110 59 
FrCI 1I/I5/99 98-570. l 0.4S 0.139 10.7 0. 14 1.70 1.01 0.50 4.5 1.7 24 8.4 41 10.4 149 22.9 1862 98 59 
FrCI 11 /15/99 98-570.2 0.43 O.IS2 10.8 0.46 3.24 3.52 1.29 16. l 4.9 63 22.7 106 23.5 275 46.8 1708 108 83 
FrCI 11 /15 /99 98-570.3 0.51 0.106 14.8 O.S3 2.67 2.92 0.44 9.1 3.5 46 15.3 75 16.S 20 1 31.9 1645 11 8 84 
FrCI 11 /15 /99 98-570.4 1.30 0.980 15.7 0.50 3.32 1.86 0.27 8.0 2.8 36 12.7 S6 13.9 176 26.8 ISl 6 76 54 
FrCI 11 /15/99 98-570.5 1.55 0.139 10.8 0.04 2.46 2.33 o.so 8. 1 2.8 37 12.6 56 14.3 18S 28.6 IS33 194 43 
FrCI 11 /15 199 98-570.6 0.20 0.025 13.3 0.62 5.64 6.59 1.80 23.6 7.7 96 31.l 134 29.S 311 Sl.9 1236 IOI 87 
FrCl l 1115/ 99 98-570.7 0.12 O.!H! !4.0 0.!4 2.58 1.90 0.61 7.2 3.0 38 !4.7 74 17.8 225 35.0 2484 !45 89 
FrCI 11/15/99 98-570.8 0.31 0.336 19.7 0.24 3.59 2.32 0.36 8.7 3.6 46 11.0 78 20.2 24 1 38.5 2439 250 163 
FrCI 11/15199 98-570.9 0.87 0.010 13.6 0.30 2.94 3.6 1 o.83 12.2 4.3 S3 17.1 79 18.7 219 32.8 2130 104 89 
FrCI 11/15/99 98-570.10 0.12 O.IS6 12.1 0.50 2.74 1.78 0.24 6.0 2.s 32 10.3 5 1 12.5 166 23.7 2151 102 59 
Leuco 11/15/99 98-5 65. I 0.63 0.033 14.0 0.52 5.42 6.96 1.38 27 .9 8. 1 100 34.0 146 3 1.9 32 1 S6.4 2001 15 8 150 
Leuco(I) 11 /15 /99 98-565.2 0.40 0.349 10.4 0.29 2.07 1.54 0.48 8. 1 2.S 3S 13.2 58 14.0 166 27.3 2149 74 46 
Leuco 11 / l 5/99 98-565.3 1.10 0.365 IS.O 0.30 3.3S 3.S l 0.6 1 8.9 2.6 37 13.6 63 IS.6 182 28.3 2263 13S 91 
Leuco(!) 11/15/99 98-565.4 1.83 0.029 12.s 0.46 2.S3 1.35 0.59 8.0 2.8 3 1 11.9 S3 12.4 IS4 23.l 2121 93 66 
Leuco(I) 11 / 15 /99 98-565 .5 1.1 4 0.004 11.9 0.17 1.90 2. 15 0.77 11.8 3.2 38 14.2 67 IS.S 184 30.2 2169 11 8 81 
Leuco 11 /15 /99 98-565.6 0.99 0.332 14.6 0.28 2.83 1.62 0.32 9.7 3.0 42 IS.6 68 16. 1 198 29.9 2334 IS4 112 
Leuco 11115/99 98-565.7 1.1 6 0.005 10.6 0.20 2.38 2.89 O.S9 9.0 2.8 36 14.2 62 IS.O 182 27.4 22 16 11 3 86 
Leuco 11/15/99 98-565.8 o.SI 0.362 11.7 0.40 4.37 6.72 1.06 26.1 8.0 91 31.9 130 27.0 264 42.2 2124 17S 188 
Leuco 11/15199 98-565.9 1.22 0.172 10.9 0.31 4. 18 3.37 0.82 18.0 5.6 61 22.S JOO 22.8 243 38.8 2166 99 87 
Leuco 11/15199 98-565.10 0.49 0.177 12.8 0.32 S. 16 6.22 1.33 26.0 7.6 8S 30.7 131 29. 1 28S 4S.4 2062 121 !IS 
PSL 11/15/99 98-530. 1 6.04 8.870 36.7 2.90 14.17 S.S4 0.12 13.9 4.4 61 23.1 101 26.9 31S s1.2 2080 196 112 
PSL 11 /15/99 98-530.2 0.90 0.291 IS.9 0.48 3.42 1.34 0.32 7.3 2.4 40 14.7 70 11.s 237 3S.8 239S 243 ISO 
PSL 11 / 15/99 98-530.3 0.20 0.022 17.1 O.G7 3.47 2.62 0.81 17.2 5.6 67 23.4 !OS 24.0 284 44.3 2300 144 121 
PSL 11 / 15/99 98-530.4 o.61 o.005 13.1 0.28 2.6 1 1.49 0.21 7.4 3.2 41 16.S 81 20.8 264 43.0 2323 138 99 
PSL 11 / 15/99 98-530.5 o.60 o.004 13.1 0.27 2.76 1.42 0.28 7.6 3. 1 41 16.3 81 20.4 261 42.8 2373 14S 101 
PSL 11 / 15/99 98-530.6 O.S9 0.004 2S.S 0.31 3.8S 2.S6 0.36 13.6 4.S S4 21.0 103 26.2 323 S3 .3 2870 478 248 
PSL 11 / 15/99 98-530.7 0.87 0.077 8.6 0.02 2.32 1.37 0.26 4.9 1.S 2S 9.1 43 10.8 IS3 22.9 2271 16S 66 
PSL 11/15/99 98-530.8 1.21 0.143 8.3 O.IS 1.4S 0.89 O.S4 S.9 1.8 22 8.0 37 9.1 129 17.7 2147 S6 32 
PSL 11/15/99 98-530.9 o.s2 0.009 1s.1 0.32 3.63 2.48 0.67 8.2 2.1 33 12.6 64 IS .6 206 32.0 2S49 193 102 
PSL 11 / 15/99 98-530.10 0.73 0.012 12.4 0.28 2.40 2.S9 0.37 7.S 2.4 29 11.S S4 12.8 18S 28.3 238S 12S 78 
POp 6/27/00 98-067 .l 0.28 0.001 18.0 0.01 0.38 0.96 0.31 s .8 2.4 31 13.0 76 22. 1 266 60.9 llS62 677 31S 
POp 6/27/00 98-067.2 0.13 0.004 14.S 0.23 0.8S 0.19 4.3 1.8 20 7.9 42 11.6 126 2s. 1 12763 134 67 
POp 6/27/00 98-067.3 o.32 0.014 29.2 o.os 1.33 2.29 0.97 13.3 s. 1 64 2S.4 134 33 .2 386 1S.4 12647 321 222 
POp 6/27/00 98-067.4 0.17 0.024 6.8 o.os 0.63 1.16 0.14 S.6 2. 1 24 9. 1 43 10.4 107 21.9 11 317 436 84 
POp 6/27/00 98-067.5 0.17 0.009 13.9 0.01 0.47 1.00 0.32 S.3 2.0 24 9.4 49 12.S 140 29.7 10673 207 128 
POp 6/27/00 98-067.6 0.19 o.oos 13.0 0.02 o.67 1.4S 0.39 7.2 2.7 30 10.7 SI 12.2 120 23.6 8236 6 1 44 
POp 6/27/00 98-067.7 0.17 12.4 0.02 0.20 0.1S 0.32 4.S 1.9 22 8.S 4S 11.8 132 21.s 102s 1 131 72 
POp 6/27 /00 98-067 .8 0.27 o.oos 13.S 0.11 1.87 3.66 0.93 16.8 6.2 68 24.S 114 26.S 264 48.6 9966 11 2 93 
POp 6/27/00 98-067.9 0.22 0.006 13.4 0.03 0.48 0.99 0.39 S.1 2.1 24 9.7 SI 13.8 162 3S.3 104S4 406 169 
POp 6/27/00 98-067.10 0.26 0.001 IS.4 0.09 2.27 S. 11 I.IS 26.0 9. 1 96 33.2 143 3 1.6 292 Sl.2 9687 11 9 108 
POp 6/27/00 98 -698-1 0.15 o.oos 10.6 0.01 0.43 0.97 0.30 4.6 1.7 19 7.6 38 10.0 114 24.0 9S9 1 112 73 
POp 6/27/00 98-698-2 0.18 0.007 12.S 0.01 0.60 1.3S 0.46 8.4 3. 1 37 13.9 68 17.0 179 3S.9 10206 ISO IOS 
POp 6/27 /00 98-698-3 0.19 0.009 11.9 0.04 O.SO 1.49 0.33 7.8 2.9 33 12.5 60 14.8 IS I 29.8 9S44 111 69 
POp 6/27 /00 98-698-4 0.11 11.3 0.03 0.38 0.87 0.32 s.o 1.8 21 8.4 42 11.2 12s 26.2 10011 116 68 
POp 6/27/00 98-698-5 0 23 0002 276 oos 0 95 173 049 89 35 42 169 85 237 26 1 550 10480 501 469 
82 
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6/ 27/ 00 
6127100 








1.10 0.486 67.0 0.16 3.65 
0.18 0.001 9.6 0.02 0.25 
0.41 0.137 11.2 0.05 0.43 
1.76 0.58 
0.46 0.16 3.0 
0.39 0.2 1 2.9 
I.I 
I.I 
0.33 0.006 32.7 0.04 1.05 2.33 0.8 1 13.3 5.1 
0.14 0.007 9.3 0.01 
0.22 0.098 12.1 0.1 0 
0.28 0.000 24.6 0,03 
0. 12 0.50 0.14 2.9 
1.15 2.23 0.64 9.9 
0.42 





8.8 106 24.4 11950 96 40 
118 31.3 9777 183 72 9.2 
29.5 310 61.7 11433 241 165 
7.4 18.2 11791 111 
17 .7 194 38.6 10116 129 
87 51 
96 
21.1 247 56.4 11663 229 122 
TgE(4) 
KtM 
6127100 98-679.9 0.21 
6 /27/00 98-679.10 8.95 
0.029 13.4 0.02 0.44 
9.796 33.2 1.96 9.05 
1.23 0.46 7.1 
0.88 0.34 5.3 













52 13.1 147 29.7 10713 131 73 
117 28.0 290 56.2 11280 176 102 
6 /27/00 98-626.1 0.25 0.073 11.8 0.53 6.99 9.26 1.24 35.1 11.3 114 154 32.1 277 47.1 8613 137 147 
KtM 6 /27/00 98-626.2 0.21 0.010 8.4 0.11 1.82 3.35 0.52 17.4 6.0 67 22.6 100 21.6 196 34.0 8562 100 87 
KtM 6 /27/00 98-626.3 0.27 0.061 12.6 0.51 7.09 9.65 1.01 37.3 11.7 118 38.3 157 32.4 280 47.2 8701 134 150 
KtM 6/27/ 00 98-626.4 0.18 0.020 9.3 0.24 3.48 5.06 0.73 22.7 7.2 76 25 .6 109 23.4 207 35.7 8992 102 93 
KtM 6/ 27/ 00 98-626.5 0. 15 0.007 7.9 0.05 0.83 1.75 0.27 9.7 3.5 41 14.6 65 14.9 137 24.8 8803 92 66 
KtM 6/27/ 00 98-626.6 0.20 0.013 9.4 0.14 2.00 3.76 0.5 2 18.8 6.3 70 23.4 103 21.9 199 34.7 8854 100 90 
KtM 6 /27/ 00 98-626.7 0.20 0.015 9.0 0.17 2.82 4.31 0.53 19.2 6.2 69 22.9 100 21.2 191 33.0 8890 97 86 
KtM 6 /27/ 00 98-626.8 0.16 0.002 7.8 0.04 0.70 1.56 0.23 8.2 3.0 34 12.5 58 12.9 123 21.9 9032 82 55 
KtM 6 /27/00 98-626.9 0.22 0.056 8.2 O.o7 0.99 2.04 0.34 12.4 4.5 52 17 .9 81 17.9 166 28.8 8773 90 73 
KtM 6 /27/00 98-626.10 0.24 0.011 9.5 0.10 1.55 3.27 0.50 18.3 6.5 71 24.4 108 72.8 210 35.5 9348 103 92 
*Code: Pe= East porphyry; Po= West porphyry; Pb= Bench porphyry; PRTmaj = Radomiro Tomic 
major facies porphyry; PRTmin = Radomiro Tomic minor facies porphyry; PAJ = Pajonal diorite; Apleuc 
= Apolo leucogranite; CD = Central diorite; DD = dark diorite; EMD = Equis monzodiorite; Ap =El 
Abra Aplite; SGD = South granodiorite; PAB = El Abra mine porphyry; Lp = Los Picos; FrGr = Fortuna 
Gris; FrCl = Fortuna Clara; Leuco = Fortuna Leucocratic intrusion; PSL = San Lorenzo porphyry; POp = 
Opache mine porphyry; TgE = Elena granodiorite, and KtM = Montecristo intrusion. 
Data were excluded from the final ratio calculations on the basis of: (1) Negative Eu/Eu* ratio; (2) REEs 
present in too low concentrations to confidently define a trivalent trend; (3) Poor analysis due to unresolved 
sub-surface disconformity, and (4) High P throughout, giving a non-zircon analysis. 
TABLE 4.2. AVEP~A.GE WHOLE ROCK TRACE ELEMENT CONCENTRATIONS (in ppm) 





RT Minor facies 
porphyry 














El Abra mine porphyry 
Elena granodiorite 
Montecristo Intrusive 
Opache mine porphyry 
Replicates Sr La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Yb Lu Hf 'Zr U Th 
13 619 12.5 23.7 2.63 9.6 1.56 0.42 1.09 0.14 0.80 0.15 0.42 0.48 0.08 2.74 104 1.73 3.08 
11 412 20.2 39.7 4.40 16.1 2.15 0.51 1.22 0.15 1.01 0.20 0.59 0.74 0.11 2.94 104 3.49 6.77 



















600 15.8 30.3 3.19 11.8 1.91 0.58 1.29 0.18 0.89 0.16 0.47 0.52 0.08 2.71 99 1.62 3.63 
416 15.3 28.9 2.96 10.6 1.63 0.46 1.12 0.16 0.77 0.14 0.40 0.48 0.08 2.49 89 2.86 5.23 
498 23.9 52.8 6.22 24.9 4.96 1.07 4.30 0.63 4.04 0.79 2.24 2.30 0.34 5.47 157 4.61 16.88 
364 24.5 50.7 5.81 22.7 4.21 0.95 3.29 0.46 2.73 0.51 1.43 1.55 0.22 4.37 171 4.56 14.58 
768 22.7 43.1 4.84 18.0 3.13 0.84 2.21 0.28 1.58 0.31 0.82 0.93 0.14 4.19 157 2.64 7.48 
120 29.3 57.4 6.06 20.2 3.29 0.34 2.45 0.35 2.23 0.45 1.41 1.86 0.29 3.43 86 6.84 32.34 
609 24.6 44.0 4.70 17.0 2.73 0.73 1.94 0.26 1.52 0.28 0.80 0.88 0.13 3.00 93 4.30 12.95 
330 31.9 69.1 7.96 30.6 5.84 0.95 4.81 0.76 4.32 0.85 2.39 2.49 0.36 7.50 284 8.66 32.11 
280 23 .0 49.7 5.46 19.8 3.51 0.64 2.69 0.42 2.41 0.48 1.40 1.71 0.25 6.41 210 10.51 31.80 
375 27.6 58.0 6.56 25.1 4.72 0.94 3.86 0.60 3.44 0.65 1.88 1.91 0.28 5.18 199 5.37 19.40 
726 21.0 41.9 4.85 19.5 3.84 0.96 3.21 0.50 2.77 0.53 1.50 1.52 0.22 2.54 97 1.96 5.52 
327 26.9 57.9 6.46 24.4 4.60 0.90 3.78 0.59 3.38 0.66 1.90 2.00 0.29 5.41 194 8.45 28.04 
239 28.6 63.7 7.18 26.7 5.02 0.71 4.08 0.65 3.75 0.73 2.07 2.29 0.34 6.16 202 17.55 55.49 
505 20.8 40.3 4.33 16.1 2.71 0.77 2.04 0.31 1.68 0.31 0.89 0.98 0.15 2.66 94 2.61 7.69 
469 18.7 37.4 4.10 15.3 2.57 0.71 2.00 0.30 1.61 0.30 0.86 0.95 0.14 3.05 112 2.37 7.22 
532 19.9 36.1 3.70 13.3 2.15 0.56 1.50 0.22 1.17 0.22 0.64 0.72 0.11 3.03 108 1.49 5.10 
363 31.5 67.3 7.80 30.2 5.97 1.02 5.33 0.80 5.05 1.01 2.86 3.01 0.44 8.50 284 6.98 24.01 
543 21.0 41.6 4.51 17.1 2.81 0.81 1.99 0.29 1.42 0.26 0.72 0.75 0.11 2.74 99 2.09 6.00 
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TABLE 4.3. INDIVIDUAL AND AVERAGE ZIRCON 
Ce(IV)/Ce(III) AND Eu/Eu* RATIOS 
East porphyry West porphyry Bench porphyry RT major 
Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* 
172 0.46 356 0.46 249 0.38 313 0.47 
817 0.53 1222 0.74 69 0.42 1571 0.49 
2214 0.53 265 0.48 259 0.51 1684 0.63 
1497 0.77 346 0.57 120 0.45 485 0.48 
973 0.63 498 0.56 256 0.54 262 0.53 
443 0.40 785 0.44 670 0.59 1249 0.46 
629 0.36 832 0.56 286 0.73 1820 0.57 
1259 0.70 679 0.38 313 0.26 1457 0.57 
836 0.50 171 0.29 10 0.20 795 0.42 
154 0.42 554 0.95 994 0.43 560 0.42 
163 0.70 102 0.52 879 0.44 
254 0.59 95 0.50 506 0.44 
571 0.65 393 0.45 1109 0.44 
607 0.52 269 0.54 157 0.37 
610 0.52 496 0.44 1535 0.52 
513 0.47 799 0.44 739 0.51 
366 0.49 114 0.31 944 0.47 
332 0.48 268 0.46 502 0.41 
879 0.61 626 0.29 2341 0.54 
1064 0.41 854 0.43 
699 ± 238 0.55 ±0.05 497 ± 144 0.55 ± 0.05 640 ± 255 0.45 ± 0.05 1020 ± 380 0.50 ± 0.04 
RT minor Pajonal diorite Apolo leucogranite Central diorite 
Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* 
1323 0.45 11 0.13 8 0.24 54 0.23 
1405 0.47 11 0.13 49 0.26 100 0.25 
271 0.51 14 0.09 6 0.19 22 0.23 
1388 0.49 12 0.11 37 0.24 88 0.27 
823 0.54 46 0.11 47 0.22 28 0.25 
1096 0.47 13 0.09 57 0.21 37 0.23 
930 0.54 152 0.05 70 0.24 28 0.21 
1661 0.50 11 0.09 107 0.18 61 0.27 
1737 0.40 14 0.11 46 0.23 
516 0.44 88 0.18 
1115 ±304 0.48 ± 0.03 32 :lo 15 0.10 ± 0.01 52±20 0.22 ±0.02 52 ±21 0.24 ± O.QI 
Dark diorite Equis monzodiorite Aplite South granodiorite 
Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* 
202 0.28 67 0.16 38 0.34 61 0.49 
161 0.25 224 0.26 138 0.26 151 0.53 
25 0.38 76 0.35 111 0.24 111 0.25 
89 0.37 35 0.33 77 0.27 138 0.33 
27 0.40 130 0.31 118 0.29 174 0.26 
37 0.40 200 0.18 284 0.30 112 0.29 
74 0.32 173 0.39 20 0.32 468 0.45 
35 0.40 89 0.35 121 0.27 93 0.68 
31 0.35 21 0.33 45 0.25 577 0.40 
27 0.42 94 0.33 115 0.28 
71 ±40 0.36 ± 0.04 111±43 0.30 ± 0.05 107 ± 47 0.28 ± 0,02 210±122 0.41 ± 0.10 
84 
Chapter 4 
El Abra mine porphyry Los Picos Fortuna Gris Fortuna Clara 
Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* 
797 0.44 65 0.18 97 0.19 315 0.72 
379 0.44 21 0.12 215 0.40 53 0.52 
428 0.43 13 0.20 27 0.28 73 0.26 
414 0.36 15 0.14 26 0.25 212 0.21 
515 0.36 46 0.15 53 0.18 75 0.35 
677 0.46 20 0.13 158 0.23 20 0.44 
606 0.31 11 0.15 73 0.33 187 0.51 
868 0.23 34 0.16 63 0.22 185 0.24 
142 0.48 17 0.15 24 0.29 50 0.38 










536 ± 151 0.39 ± 0.05 38±13 0.13 ± 0.01 84 ±39 0.27 ±0.05 129 ± 59 0.39±0.10 
Fortuna Leucocratic intrusive San Lorenzo porphyry Elena granodiorite Montecristo intrusion 
Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/ Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* Ce(IV)/Ce(III) Eu/Eu* 
8 0.30 122 0.25 548 0.63 6 0.21 
62 0.42 302 0.31 2205 0.61 31 0.20 
81 0.54 103 0.37 349 0.44 25 0.21 
18 0.35 282 0.25 642 0.35 6 0.17 
5 0.24 279 0.26 91 0.42 12 0.21 
19 0.32 220 0.19 867 0.47 64 0.20 
8 0.32 112 0.30 488 0.49 23 0.19 
191 0.72 15 0.18 
90 0.45 71 0.19 
56 0 .21 
29 ± 23 0.36 ± 0.07 189 ± 57 0.34 ± 0.10 741±521 0.49 ±0.07 31±15 0.20 ±0.01 






















469± 176 0.41±0.04 
The individual ratios were obtained by processing the zircon trace element and whole rock data 
according to the approach outlined discussed in the text. The average value for each ratio is quoted 
at the bottom of each data column to within 2 standard errors of the mean. 
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TABLE 4.4. WHOLE ROCK PLATINUM (in ppb) 
and MgO (in wt. %) COMPOSITIONS 
ANUID Unit Name Pt MgO 
98-518 Los Picos 1.22 2.81 
98-551 Fortuna Gris 0.55 2.00 
98-536 Fortuna Clara 0.22 1.63 
98-542 San Lorenzo porphyry 0.17 1.30 
00-199 Pajonal diorite 0.54 2.44 
00-186 Central diorite 1.06 2.56 
00-160 Dark diorite 1.96 4.65 
00-159 South granodiorite 0.26 1.56 
00-141 Equis monzodiorite 1.10 2.30 
00-138 El Abra mine porphyry 0.71 1.25 
98-467 Chuquicamata East porphyry 0.76 0.43 
TABLE 4.5. A COMPARISON BETWEEN THE GEOCHEMISTRY 
OF THE LEAST AND MOST EVOLVED INTRUSIVES 
Least evolved intrusives 
ID Age (Ma) MgO (wt.%) Pt (ppb) Ce(IV)/Ce(III) Eu/Eu* 
Los Picos 42 2.81 1.22 38 0.13 
Pajonal diorite 42 2.44 32 0.10 
Apolo leucogranite 42 52 0.22 
Central diorite 41 2.56 1.06 52 0.24 
Eguis monzodiorite 39 1.10 
Most evolved intrusives 
ID Age (Ma) MgO (wt.%) Pt (ppb) Ce(IV)/Ce(III) Eu/Eu* 
East porphyry 35 0.43 699 0.55 
West porphyry 34 0.55 
Bench porphyry 34 640 
RTmajor facies porphyry 35 1020 0.5 
Rtminor facies porphyry 34 1115 0.48 
El Abra mine porphyry 38 1.25 536 0.39 
San Lorenzo porphyry 38 0.17 
Fortuna Clara 39 0.22 
South granodiorite 38 0.26 0.41 
DISCUSSION 
Oxidation during magmatic evolution 
The chemistry of the intrusions that make up the Los Picos-Fortuna/Pajonal-El Abra 
intrusive complex varied systematically with time. This point is illustrated in Figs. 3.12, which 
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shows that the average MgO contents of the intrusions of the Los Picos-Fortuna intrusive suite 
decreased with increasing Si02, although there is considerable range within units and overlap 
between units. As discussed in chapter 3, the most likely explanation for these relations is that 
the intrusions were fed by a large parental magma chamber located at depth in the crust that 
was occasionally replenished by new batches of primitive magma. The magma chamber may 
therefore have remained at least partially molten over its 5.5 m.y. evolutionary history, 
replenished by pulses of new magma that mixed with resident evolved melt to form a hybrid 
product that retained a memory of previous fractionation and assimilation. This is also 
indicated by Fig. 4.9B, which shows that the ore-bearing intrusions in this district are 
associated with the most fractionated magmas, whereas the unproductive units were produced 
by the least evolved magmas. The overall increase in the average Ce(IV)/Ce(III) ratios of 
zircon with time (Fig. 4.10) indicates that overall, the oxidation state also evolved 
progressively in this magma chamber. On this basis, the Pajonal diorite represents the oldest, 
least oxidized phase of this evolution and the ore-bearing El Abra mine porphyry is the 
youngest, most oxidised phase. Table 4.5 summarises some of the geochemical characteristics 
of the least and most evolved intrusives. The other analysed ore-bearing porphyries, from 
Chuquicamata, Radomiro Tomic and Opache, cannot be correlated with obvious older ore-
barren intrusive units similar to the Los Picos-Fortuna/Pajonal-El Abra intrusive complex. 
Nevertheless, the high Ce(IV)/Ce(III) ratios of the zircons from these intrusions and their 
geochemical resemblance to the El Abra mine porphyry, suggest that these intrusions probably 
underwent a similar evolutionary history. It is therefore likely that the Chuquicamata, 
Radomiro Tomic and Opache porphyries are underlain by long-lived magma systems similar 
to that of the Los Picos-Fortuna/Pajonal-El Abra intrusive complex, as explained in chapter 3. 
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Figure 4.10. The average 
zircon Ce(IV)/Ce(III) ratios 
increase systematically 
from the oldest, most mafic, 
barren intrusions of the Los 
Picos-F ortuna/Paj onal-El 
Abra batholith to the 
youngest, most felsic, and 
ore-bearing unit, the El 
Abra mine porphyry. The 
one outlier to this trend is 
the Fortuna Leucocratic 
intrusion that exhibits trace 
element evidence which 
distinguishes it from the 
main sequence (see chapter 
5). 
The progressive increase in average zircon Ce(IV)/Ce(III) ratios in the Los Picos-
Fortuna/Pajonal-El Abra intrusive complex is accompanied by a similar trend in average 
zircon EuN/EuN* toward smaller (less "negative") Eu anomalies (Fig. 4.9). These data are 
consistent with an increase in magmatic oxidation state and the Eu(III)/Eu(II) over time if, as 
is expected on the basis of crystal-chemical arguments given above, Eu(III) is partitioned 
preferentially into zircon relative to Eu(II). Such a hypothesis is consistent with the whole 
rock EuN/EuN* data from the batholith. Because Eu(II) is compatiable in plagioclase, with 
DEualbite/melt > ~u anorthite/melt > 1, fractional crystallization usually produces melts with 
pronounced negative Eu anomalies, that is EuN/EuN* < 1. (Nash and Crecraft, 1985; Bacon 
and Druitt, 1988; Dunn and Sen, 1994). However, at higher oxidation states Eu becomes 
incre:asingly incompatiable in plagioclase, reflecting larger proportions of Eu(III) in the 
magma (Drake, 1975; Wilke and Behrens, 1999). Thus, if plagioclase fractionation is 
accompanied by progressive oxidation, the expected trend of decreasing EuN/EuN* during 




Although both the Ce(IV)/Ce(Ill) and EuN/EuN* ratios in zircon can be used as a 
measure of magmatic oxidation state, Ce(IV)/Ce(Ill) is preferred over EuN/EuN* for two 
reasons. First, the Ce(IV)/Ce(III) ratio is more sensitive, varying by almost two orders of 
magnitude in the zircons of this study compared to a factor of five range in EuN/EuN* (Fig. 
4.8). Second, the interpretation of EuN/EuN* in zircon is complicated by the competing 
influence of plagioclase crystallisation, which can change the EuN/EuN* of the melt. The 
zircon Ce(IV)/Ce(III) ratio on the other hand is not influenced by the crystallisation of other 
phases. 
Mechanism of magma oxidation 
The zircon REE data indicate that the Los Picos-Fortuna/Pajonal-El Abra intrusive 
complex experienced a progressive increase in its oxidation state over time. Previous workers 
have attributed this type of change to: (1) metasomatism of a mantle source region before or 
during partial melting by hydrous fluids or silicate melts derived from subducted oceanic crust 
and enriched in oxidized components, such as Fe(III), C02 or sulphate (Mcinnes et al., 1994); 
(2) fractional crystallization of Fe(Il)-bearing silicate, oxide or sulphide phases in a closed 
system magma chamber (Carmichael and Ghiorso, 1986); (3) influx of S02 into an evolved 
felsic magma chamber from degassing mafic magma ponded below it (Matthews et al., 1992; 
Pallister et al., 1992); (4) assimilation of oxidized country rock; and (5) degassing of hydrous 
magma atlow pressures with preferential removal of reduced volatile species such as H2 or 
H2S (Czamanski and Wones, 1973; Candela, 1986; Ague and Brimhall, 1988). On the basis of 
the data presented in this study, the Los Picos-Fortuna/Pajonal-El Abra intrusive complex is 
thought to have been fed by an episodically replenished, long-lived magma chamber at depth. 
If this interpretation is correct, then the systematic increase in zircon Ce(IV)/Ce(III) ratios 
with time (Fig. 4.10) indicates that the magma chamber preserved a memory of earlier 
oxidation in the progressively evolving resident melt. This suggests that oxidation resulted 
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from processes associated with the magma chamber, namely fractionational crystallisation 
and/or progressive assimilation of oxidised roof and wall rocks. 
Sulphur speciation and its control on chalcophile metal behaviour in magmas 
Although there is a well known empirical association between Cu ± Au mineralization 
and oxidised calc-alkaline intrusions, the cause of this relation is uncertain. Oxidation state 
controls sulphur speciation and therefore strongly influences sulphur solubility in magmas. At 
low oxygen fugacites, magmatic sulphur exists principally as sulphide (S2-) which has a 
relatively low solubility in silicate melts (Carroll and Rutherford, 1985; Carroll and 
Rutherford, 1988). Crystallization under such conditions can lead to early saturation of a 
separate sulphide phase. Chalcophile elements such as Cu and Au partition strongly into 
magmatic sulphide phases in contrast to their general incompatiable behavior in silicate and 
oxide minerals (Lynton et al., 1993; Fleet et al., 1996; Jugo, et al., 1999). If a magma 
experiences early sulphide saturation, most of the Cu and Au will be sequestered in sulphides 
trapped in cumulates where they will be unavailable to a late-stage magmatic-hydrothermal 
fluid .. 
At higher oxygen fugacities, magmatic sulphur exists mainly as sulphate (SO/) which 
has a much higher solubility in silicate melts than sulphide (Carroll and Rutherford, 1985) and 
will tend to delay or even prevent saturation of a magmatic sulphide phase. The transition 
between sulphide-dominant and sulphate-dominant magma compositions takes place over 
about one log unit of oxygen fugacity (Matthews et al, 1999). Copper and gold will then 
accumulate in the melt during differentiation and partition into a magmatic-hydrothermal fluid 
if the magma reaches hydrous fluid saturation (Ulrich et al., 1999). If S-saturation occurs 
under oxidised conditions, it will produce S042-, which does not partition chalcophile metals. 
Therefore, oxidised sulphate-bearing hydrous magmas would contain higher concentrations of 
Cu, Au, and S when they exsolve a late-stage fluid phase compared to their more reduced 
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sulphide-saturated counterparts. Consequently, oxidised magmas will stand a greater chance of 
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Figure 4.11. Individual grain (A) and average (B) Ce(IV)/Ce(III) and EuN/EuN* ratios in 
zircons from intrusions of the Chuquicamata-El Abra porphyry copper belt illustrating the 
positive correlation between these two monitors of oxidation state. Data from ore-bearing 
intrusions are shown as solid circles and from barren units as open circles. Also plotted in (A) 
are data from detrital zircons of Paleozoic sandstones in eastern North America (open boxes) 
showing that zircon Ce(IV)/Ce(III) and EuN/EuN* ratios above 300 and 0.4, respectively, 
represent anomalously oxidized magmatic conditions. 
The seven black circles in Fig. 4.1 lB correspond to intrusions directly associated with 
porphyry copper deposits and are the most oxidized units of those examined here on the basis 
of both their individual grain and average zircon Ce(IV)/Ce(III) and EuN/EuN* ratios (Fig. 
4.11). This correlation provides strong support for the hypothesis that oxidation state is a key 
factor in determining the potential of calc-alkaline magmas for generating Cu mineralization. 
If the explanation for the correlation involves redox-related speciation of sulphur as described 
above, it implies that these ore-bearing intrusions reached sulphate stability at least in the 
latter stages of their differentiation history. Conversely, the barren intrusions, while becoming 
increasingly oxidised, probably remained in the sulphide stability field throughout their 
magmatic evolution. If this supposition is correct, then the magmatic sulphide-sulphate 
transition in this part of northern Chile, is effectively bracketed by our samples and 
corresponds to a zircon Ce(IV)/Ce(III) ratio of 300 in magmas of this composition, 
temperature and pressure range. 
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Preliminary Pt-data, a strongly chalcophile element, support the above conclusion. 
Bamen samples of the Los Picos-Fortuna intrusive suite display a well-defined trend of 
decreasing Pt with decreasing MgO (Fig. 4. 9) which indicates that the magma was sulphide 
saturated during fractional crystallization. Although data for the barren units of the Pajonal-El 
Abra intrusive suite are scattered, the positive correlation of Pt with MgO is still clearly 
evident. Data for the ore-bearing East and El Abra porphyries lie above the trend for the 
barre:n intrusions, which is consistent with these magmas having undergone less total sulphide 
fractionation at equivalent stages of differentiation. Although based on a limited number of 
data, the Pt-MgO relations provide independent evidence that the ore-bearing intrusions 
evolved to oxidized, sulphate-bearing compositions during differentiation. 
Impllications for mineral exploration 
This section of the study has shown that seven calc-alkaline intrusions directly 
associated with porphyry copper mineralization have higher zircon Ce(IV)/Ce(III) ratios than 
fourteen barren intrusions. This result implies that the ore-bearing porphyries crystallised from 
relatively more oxidised magmas than their barren counterparts. If these results are confirmed 
by further work, then the measurement of the Ce(IV)/Ce(III) ratio in zircon could become an 
important tool in the exploration for porphyry copper deposits. This method has two 
applications. First, to discriminate between ore-bearing and barren intrusions at an early stage 
of exploration. Second, by measuring the Ce(IV)/Ce(III) ratio in detrital zircons from stream 
sediments, it should be possible to trace anomalously oxidised zircons back to their 





Regional mapping has revealed that the Chilean crust includes several linear belts of 
temporally associated igneous complexes along its length. These belts are Tertiary in age and 
cale-alkaline in composition (Sillitoe, 1988; Petersen, 1999; Camus and Dilles, 2001). The 
association between cale-alkaline magmatism and porphyry copper mineralization has long 
been recognized (Sillitoe, 1972a; Sillitoe, 1973; Gustafson, 1979), but it is not yet clear 
whether there is a genetic link between the magmatic evolution of the intrusions associated 
with ore, or whether the porphyries hosting mineralization simply act as the heat source 
driving an ore-forming hydrothermal system. A detailed study of the geochemical evolution of 
an igneous complex associated with a porphyry copper deposit may help to answer this 
question. 
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Figure 5.1. An overview of the 
studied area, including the 
location of samples collected 
from the Los Picos-Fortuna 
and Pajonal-El Abra intrusive 
suites (modified from 
Reynolds et al., 1998; Pardo, 
1998; Tomlinson et al., 1995). 
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A complication to this approach is that the intrusive complexes associated with 
mineralization are commonly overprinted by later alteration, which makes it difficult to 
establish the relation between magmatic processes and porphyry copper mineralization. This 
part of the study is based on the Los Picos-Fortuna/Pajonal-El Abra intrusive complex, which 
includes the ore-bearing El Abra mine porphyry. The intrusive complex is divided into two 
parts by the West Fault: the Los Picos-Fortuna intrusive suite in the south and the Pajonal-El 
Abra intrusive suite ca. 35 km to the north. Because of their close proximity to a major copper 
deposit, the samples collected from the Pajonal-El Abra suite are hydrothermally altered. 
However, the samples collected from the Los Picos-Fortuna suite are comparatively free of the 
effects of this type of alteration (Fig. 5.1). Thus, although major and trace element data are 
presented for both intrusive suites, emphasis is placed on the low alteration Los Picos-Fortuna 
suite. 
The aims of this part of the study are fourfold. First, to establish whether intrusive 
units of similar age in the Los Picos-Fortuna/Pajonal-El Abra intrusive complex correlate 
geochemically. Second, to determine the dominant mechanisms of chemical differentiation in 
the intrusive complex. Third, if fractional crystallisation is shown to be important, to establish 
the amount and composition of the cumulus minerals required to explain the magmatic 
evolution of the intrusive complex by modelling major and trace element whole rock trends. 
Finally, the geochemical evolution of the complex is discussed in terms of its implications for 
the formation of porphyry copper deposits. 
The geochemical evolution of calc-alkaline magmatic systems associated with 
porphyry copper mineralization have recently been discussed by Lang and Titley (1998) and 
Richards et al. (2001). Lang and Titley (1998) studied 11 Laramide age igneous complexes in 
Arizona, whereas Richards et al. (2001) examined the Escondida area of northern Chile. Both 
studies present data for ore-bearing porphyry systems and both conclude that ore-bearing 
systems require crystallisation of significant amounts of amphibole. Lang and Titley (1998) 
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show that fractional crystallisation of Laramide magmas, involving cumulate assemblages 
consisting of as much as 70 % amphibole, are associated with ore-bearing porphyry copper 
systems. These authors also observed that productive porphyritic stocks were generated by 
compositionally evolved magmas, and that the mineralization potential of a magma was not 
predetermined by unique source rocks. Isotopic data presented by Lang and Titley (1998), 
suggest a significant lower crustal signature in the studied Laramide magma source region. 
Richards et al. (2001) document high Eu/Eu* values, and suggest that oxidising magmatic 
conditions were associated with productive porphyry units. 
METHODS 
Major element analysis 
Major element compositions were obtained by X-ray fluorescence (XRF) analyses of 
fluxed whole rock glasses according to the method of Norrish and Hutton (1969). 
Compositions for both the Los Picos-Fortuna and Pajonal-El Abra complexes are presented 
together in Tables 5 .1 a and 5 .1 b. 
Trace element analysis 
Trace element data were obtained by eximer laser ablation inductively coupled plasma 
mass spectrometry (ELA-ICP-MS) analyses of glasses prepared from crushed rock samples. 
Each whole rock powder was mixed with a thulium spiked lithium metaborate flux, and then 
heated to 1200 °C for 20 minutes and quenched in water to form a homogeneous glass. The 
glasses were mounted in epoxy, polished and analysed in a custom designed sample cell 
flushed with Ar and He (Loucks et al., 1995; Eggins et al., 1998). The ICP-MS was set to 
record over thirty isotopes per cycle by peak hopping in pulse counting mode. Laser ablation 
was undertaken by a pulsed ArF LambdaPhysik LPX 120! UV excimer laser that was operated 
at a constant voltage, between 21 and 23 kV, at 5 Hz, with a spot diameter of 103 µm. 
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TABLE 5.la. MAJOR ELEMENT WHOLE ROCK COMPOSITIONS OF THE 
LOS PI COS-FORTUNA SUITE (in weight percent) 
ANUID Unit Name Si02 AhO~ Ti02 Fe20~ Mg() MnO Cao K20 Na20 P20s TOTAU1> 
98-518 60.6 16.6 0.83 5.88 2.81 0.09 5.03 2.90 3.75 0.22 98.68 
98-519 62.6 16.4 0.79 5.42 2.42 0.09 4.74 3.16 3.77 0.18 99.53 
98-520 58.7 17.0 0.89 6.66 3.11 om 5.54 2.88 3.73 0.21 98.75 
98-522 59.6 16.5 0.85 6.54 3.24 0.11 5.80 2.80 3.71 0.18 99.37 
98-524 60.9 16.5 0.87 6.21 2.86 0.10 5.27 3.08 3.74 0.21 99.81 
98-525 Los Picos 68.1 14.7 0.60 3.76 1.33 0.06 2.84 4.87 3.29 0.11 99.66 
98-526 57.1 17.8 0.87 6.74 3.60 0.11 6.04 1.99 4.03 0.23 98.56 
98-527 61.7 16.7 0.85 6.13 2.45 0.09 4.87 3.18 4.00 0.22 100.09 
98-540 66.7 15.2 0.64 4.26 1.54 0.08 3.22 4.60 3.36 0.14 99.75 
98-549 61.4 16.9 0.80 5.65 2.52 om 4.60 2.97 3.91 0.20 98.96 
98-564 65.8 15.5 0.57 4.25 1.68 om 3.66 3.77 3.68 0.08 99.12 
98-532 64.4 16.5 0.58 4.39 1.81 0.05 4.19 2.95 4.13 0.19 99.14 
98-534 65.7 15.2 0.75 4.85 1.72 0.07 3.44 4.65 3.25 0.15 99.78 
98-544 61.2 17.1 0.75 5.89 2.81 0.10 5.18 2.88 3.77 0.19 99.82 
98-548 73.1 14.1 0.27 1.80 0.37 0.02 1.29 5.12 3.40 0.05 99.51 
98-550 67.9 15.1 0.49 3.67 1.23 0.05 2.88 4.46 3.48 0.13 99.42 
98-551 Fortuna Gris 63.5 16.8 0.63 4.93 2.00 0.06 4.43 3.12 4.08 0.20 99.73 98-552 62.6 16.9 0.67 5.40 2.31 0.09 4.90 2.88 4.00 0.24 99.97 
98-553 63.7 16.7 0.63 4.77 2.07 0.06 3.63 3.30 3.97 0.19 99.08 
98-559 64.4 16.4 0.59 4.37 1.83 0.07 4.19 3.16 4.04 0.18 99.28 
98-561 66.7 16.1 0.49 3.70 1.39 0.05 3.69 3.43 4.06 0.21 99.84 
98-566 66.7 16.9 0.58 4.00 1.44 0.06 3.78 3.38 4.10 0.19 101.19 
98-576 63.4 16.7 0.64 4.83 2.21 om 4.65 2.95 4.11 0.19 99.79 
98-535 64.8 17.3 0.51 3.72 1.52 0.06 3.70 2.73 4.56 0.20 99.14 
98-536 65.3 16.8 0.53 3.80 1.63 0.08 3.96 2.84 4.42 0.19 99.55 
98-538 66.6 16.0 0.45 3.57 1.43 0.06 3.69 3.23 4.27 0.18 99.45 
98-541 65.9 16.9 0.43 3.08 1.11 0.04 3.23 2.45 4.90 0.18 98.23 
98-547 67 .1 16.6 0.42 3.30 1.17 om 3.21 2.88 4.78 0.24 99.82 
98-554 Fortuna 65.6 16.9 0.55 3.76 1.50 0.03 3.89 2.74 4.63 0.17 99.70 
98-556 Clara 66.4 16.4 0.51 3.95 1.45 0.04 3.11 2.82 4.40 0.18 99.26 
98-567 67 .2 16.7 0.47 3.16 1.09 0.06 3.96 2.57 4.65 0.06 99.93 
98-570 68.2 15.7 0.52 3.46 1.26 0.02 2.97 3.51 4.02 0.14 99.73 
98-572 65.5 17.0 0.52 3.91 1.47 0.05 3.85 2.98 4.34 0.18 99.73 
98-575 66.9 16.4 0.42 3.11 1.29 0.02 3.54 3.02 4.66 0.16 99.59 
98-577 68.4 15.4 0.42 2.95 1.67 0.04 3.35 3.30 4.10 0.14 99.79 
98-529 64.6 16.5 0.50 4.14 1.62 0.05 3.78 3.28 3.95 0.19 98.62 
98-531 66.7 16.2 0.45 3.23 1.36 0.04 3.62 3.13 4.19 0.16 99.06 
98-542 65.4 16.7 0.42 3.17 1.30 0.03 3.04 2.67 4.81 0.19 97.78 
98-545 70.8 15.0 0.26 2.09 0.73 0.05 2.10 3.95 4.21 0.09 99.34 
98-546 San Lorenzo 68.4 16.0 0.37 2.83 0.91 0.06 3.11 3.32 4.54 0.15 99.69 98-560 65.4 19.9 0.90 3.87 0.62 0.00 0.51 3.17 1.96 0.07 96.41 
98-562 porphyry 70.9 15 .5 0.35 2.07 0.76 0.02 1.56 3.71 4.25 0.00 99.03 
98-563 69.9 15.6 0.32 2.33 0.85 0.04 2.70 3.46 4.12 0.09 99.42 
98-568 64.3 15.9 0.60 8.43 0.41 0.01 0.58 3.35 4.66 0.13 98.33 
98-571 76.4 13.1 0.15 0.61 0.23 0.01 1.17 4.91 3.35 0.14 100.10 
98-573 68.1 16.1 0.41 2.79 1.29 0.03 2.24 4.84 3.11 0.14 99.00 
98-555 Fortuna 71.3 17.3 0.70 0.31 0.11 0.01 3.00 0.61 6.33 0.03 99.74 98-557 Leucocratic 77.5 12.2 0.12 0.79 0.12 0.01 0.61 6.01 2.76 0.00 100.11 98-558 76.4 12.4 0.24 0.95 0.39 0.01 0.83 5.27 3.05 0.04 99.67 
.....2,!l-~62 intrusion Z81l 121Q Q114 Ql~8 Q1Q~ QIQl Ql41 ~187 2183 QIQl 2212~ 
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TABLE 5.lb. MAJOR ELEMENT WHOLE ROCK COMPOSITIONS OF THE 
P AJON AL-EL ABRA SUITE ~in weiSjht 12ercenQ 
ANUID Unit Name SiO, AlPJ TiO~ Fe20J MgO MnO Cao KP Nap P20~ TOTAU1> 
00-189 67.7 14.7 0.67 3.88 1.31 0.06 2.82 4.82 3.16 0.13 99.29 
00-194 61.0 15.7 0.86 6.47 2.84 0.12 5.19 3.42 3.57 0.24 99.42 
00-196 Pajonal 63 .4 15.7 0.85 5.23 2.02 0.09 3.91 4.27 3.63 0.18 99.26 
00-197 diorite 65.0 15.6 0.79 4.60 1.61 0.06 3.26 4.54 3.63 0.17 99.24 
00-199 60.9 15.9 0.93 5.89 2.44 0.10 4.52 4.04 3.62 0.21 98 .63 
00-200 58.2 15.9 0.84 6.40 3.90 0.07 5.35 3.68 4.66 0.25 99.24 
00-127 62.7 17.4 0.72 5.24 2.61 0.05 3.87 2.48 3.64 0.23 99.00 
00-128 69.1 15.2 0.84 2.79 1.70 O.oJ 1.41 4.57 3.19 0.16 98 .99 
00-135 Central 65.4 15.6 0.85 4.63 2.07 0.02 2.42 4.20 3.41 0.24 98 .88 
00-136 diorite 64.2 15.2 0.74 5.95 2.64 0.09 3.55 2.73 3.57 0.21 98.86 
00-178 59.8 18.8 0.92 5.84 3.62 0.05 4.21 2.14 3.37 0.26 99.00 
00-186 63.5 17.7 0.79 5.44 2.56 0,03 2.99 2.23 3.57 0.19 99.00 
00-142 56.3 17.9 0.98 8.04 4.20 0.15 5.04 2.90 3.13 0.29 98 .93 
00-145 57.5 19.2 0.88 7.99 3.58 0.05 4.57 1.90 3.16 0.23 98 .99 
00-160 Dark diorite 54.4 18.1 0.86 8.86 4.65 0.14 6.67 1.41 3.64 0.23 99.00 
00-181 66.4 15.4 0.79 4.30 1.77 0.02 2.13 4.03 3.46 0.16 98.45 
00-184 56.3 19.3 0.94 6.76 5.20 0.06 3.88 2.38 4.00 0.26 99.00 
00-139 64.0 17.3 0.7 1 5.06 1.87 0.02 3.00 3.16 3.72 0.19 99.00 
00-141 66.I 15.3 0.85 4.12 2.30 0.04 2.17 4.22 3.51 0.18 98.85 
00-146 Equis 65.3 17.5 0.65 4.97 1.84 O.oJ 2.01 3.06 3.35 0.29 98.97 
00-151 monzodiorite 70.9 14.7 0.35 1.69 0.84 0.01 1.54 4.61 3.61 0.04 98.23 
00-155 69.4 14.8 0.38 3.22 1.15 0.04 2.13 4.13 3.49 0.12 98.77 
00-173 69.1 15.7 0.79 3.11 1.74 0.01 1.10 4.26 3.05 0.14 99.00 
00-122 68.4 15.7 0.41 3.35 1.33 0.04 2.96 3.41 3.70 0.14 99.44 
00-126 57.4 22.7 0.58 2.99 4.94 0.61 3.18 4.66 0.63 0.19 97.88 
00-130 South 64.9 16.5 0.58 4.04 1.88 0.04 3.64 2.74 4.36 0.2 1 98.88 
00-156 granodiorite 65.7 16.8 0.52 3.52 1.94 0.04 3.29 2.60 4.28 0.19 98.83 
00-159 66.7 16.8 0.51 2.57 1.56 0.02 3.30 2.45 4.50 0.19 98.60 
00-1 62 65.7 16.8 0.45 2.94 1.34 0.04 3.21 2.98 4.38 0.19 98.04 
00-123 67.5 16.6 0.49 2.49 1.92 0.04 2.10 3.50 4.03 0.14 98.81 
00-138 El Abra 66.7 16.9 0.40 2.83 1.25 0.04 3.07 2.66 4.55 0.17 98.64 00-140 70.4 17.0 0.32 2.16 0.70 O.oJ 2.14 3.11 4.95 0.08 100.83 
00-144 mme 68.0 16.4 0.34 2.38 0.80 0.02 2.33 3.11 4.63 0.11 98.07 
00-168 porphyry 60.9 16.7 0.8 1 6.03 2.76 0,07 4.77 2.91 3.42 0.24 98.67 
00-172 66.2 16.7 0.37 4.68 1.03 0.41 0.80 2.53 4.91 0.14 97.80 
00-120 70.9 15.3 0.45 2.55 1.02 0.02 I.I I 4.88 2.66 0,07 99.00 
00-125 El Abra 70.3 15.2 0.37 1.53 1.03 0.01 1.39 3.51 4.48 0.13 97 .90 
00-154 Apolo 71.9 14.5 0.32 1.18 I.I I 0.03 1.47 4.86 3.32 0.08 98.80 
00-171 leucogranite 69.3 15.1 0.39 2.93 1.15 0.01 2.23 3.68 3.90 0.11 98.74 
00-187 72.2 14.7 0.35 1.39 1.03 0.01 0.74 4.98 3.47 0.06 99.00 
00-124 70.6 14.8 0.40 2.58 0.90 O.oJ 1.28 4.42 3.31 0.04 98.31 
00-150 71.8 14.2 0.47 1.99 0.83 O.oJ 0.96 5.63 2.98 0.03 98 .92 
00-158 El Abra 69.7 14.7 0.41 3.29 1.25 0.02 1.94 4.16 3.58 0,07 99.11 
00-169 Aplite 74.5 13 .6 0.32 1.05 0.62 0.01 0.40 5.60 2.93 0.04 99.00 
00-183 72.2 13.7 0.52 1.34 0.90 0.01 0.52 5.77 3.22 0,07 98.24 
00-188 72.2 14.2 0.35 1.93 0.62 O.oJ ~16~ 4.86 3.31 o.~9 22.00 
<1lWhere the whole rock totals given by XRF were significantly less than 98 wt. %, 
the individual major element oxide values were renormalised to total 99 wt. %. 
The ablated material was carried by He-Ar gas via a custom-made flow homogeniser to an 
ICP-MS. Raw count rates were recorded in time-resolved mode. Data were acquired for 30 
seconds with the laser off and 60 seconds with the laser on, giving approximately 180 mass 
scans for a penetration depth of ca. 150 µm. The fused glasses were ablated in a rotation of 10 
analyses consisting of one analysis of the standard glass NIST 612 followed by 8 unknown 
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glass.es and one internal standard for quality control. Each cycle lasted for approximately 20 
minutes. Data were acquired during four separate analytical sessions; the first two sessions 
used a Perkin-Elmer Sciex BLAN 6000 ICP-MS, and the final two sessions an Agilent 7500s 
ICP-MS. 
TABLE 5.2. REE CONCENTRATIONS (in ppm) OF THE EAST PORPHYRY, (SAMPLE 98-467) 
BY ELA-ICP-MS ON FOUR SEPARATE ANALYTICAL SESSIONS 
Date La Ce Pr Nd Sm Eu Gd Tb D~ Ho Er Yb Lu 
23ro Oct. 98 29.2 59.9 6.84 25.6 3.91 0.81 2.20 0.232 1.15 0.195 0.514 0.572 0.090 
2"d June 99 31.6 64.2 7.35 27 .9 4.32 0.87 2.47 0.251 1.26 0.211 0.576 0.674 0.102 
10th Jan. 00 30.2 62.0 7.02 26.3 4.15 0.84 2.23 0.259 1.17 0.199 0.522 0.598 0.087 
20th Jan. 00 30.4 61.8 7.11 26.7 4.03 0.82 2.26 0.243 1.20 0.196 0.503 0.600 0.090 
Average 30.7 62.7 7.16 27.0 4.17 0.84 2.32 0.251 1.21 0.202 0.534 0.624 0.093 
Standard 0.75 1.31 0.17 0.80 0.14 0.03 0.13 0.008 0.04 0.008 0.038 0.043 0.008 deviation 
Percentage 2.5 2.1 2.4 3.0 3.5 3.0 5.8 3.290 3.6 3.946 7.145 6.931 8.545 
standard deviation 
The raw count rates obtained from the mass spectrometer were processed to give trace 
element concentrations (in parts per million) using an Excel-based spreadsheet. Corrections 
were made for mass bias drift which was evaluated by reference to standard glass NIST 612 
(Pearce et al., 1997). After triggering, it took 3 to 4 mass scans for the counts to reach a steady 
rate, so these initial data were excluded from the calculations. Trace element concentrations 
were obtained by normalising counts for each analysed element to a doped Thulium 
concientration in the glass of ca. 27 ppm. To ensure that the technique produces reproducible 
data, 98-467, a porphyry from the Chuquicamata mine, was analysed during each session as an 
internal standard. The trace element data for this sample are presented in Table 5.2. Multiple 
samples from each of the Los Picos-Fortuna and Pajonal-El Abra suites were analysed for over 
30 trace elements, and the concentrations for each sample are listed in parts per million in 
Tables 5.3a and 5.3b. 
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TABLE 5.3a. TRACE ELEMENT WHOLE ROCK COMPOSITION (in ppm) OF THE 
LOS PICOS-FORTUNA SUITE 
ANU 





























Cs Rb Ba Th U Nb Ta La Ce Pb Pr Sr Nd 
4.10 105 686 14.31 3.15 9.81 0.71 25.5 53.5 11 6.29 519 24.8 
3.47 121 629 13.98 4.11 9.35 0.64 23.8 50.6 8 6.02 692 24.1 
7.87 163 750 30.11 8.11 11.20 0.97 32.6 68.3 19 7.89 493 30.2 
4.86 100 621 14.11 3.52 9.20 0.70 23.8 51.2 25 6.04 546 23.8 
4.81 113 646 16.73 4.76 9.76 0.72 24.3 51.3 39 6.04 461 23.8 
8.17 238 562 57.02 14.17 13.30 1.18 36.1 78.0 18 8.75 258 32.2 
1.97 60 541 5.58 1.67 5.92 0.41 17.8 37.5 13 4.49 865 18.5 
6.58 117 650 21.61 4.92 9.74 0.74 27.7 59.5 46 6.96 416 27.5 
6.64 219 701 28.35 5.61 12.81 1.00 29.5 63.8 13 7.43 565 28.3 
4.59 61 624 17,03 4.54 6.59 0.69 23.3 48.8 21 5.65 456 22.4 
4.22 94 690 13.41 3.93 8.00 0.61 23.1 47.2 10 5.43 562 21.0 
7.62 178 714 20.36 6.36 11.18 0.96 30.6 64.7 10 7.50 339 28.3 
4.51 95 627 15.12 2.77 7.86 0.61 22.5 47.4 59 5.53 755 22.1 
4.83 160 852 24.51 4.15 8.81 0.86 24.3 49.3 36 5.54 230 20.0 
8.49 202 644 25.29 5.46 11.12 0.94 30.1 63.5 17 7.34 352 28.1 
4.45 127 631 14.58 4.56 10.09 0.76 24.5 50.9 76 5.81 350 22.7 
5.34 88 687 8.75 2.02 8.47 0.71 23.4 48.8 9 5.76 595 22.9 
6.72 128 697 11.88 2.86 8.68 0.65 24.5 49.5 41 5.66 495 21.7 
8.27 127 857 10.92 3.30 7.63 0.59 29.1 55.9 10 6.14 570 22.8 
5.48 83 702 21.31 4.96 7.27 0.90 31.7 60.8 17 6.67 479 24.6 
5.73 152 698 15.26 3.63 9.07 0.62 25.0 51.1 14 5.87 567 23.0 
3.98 96 621 10.39 2.70 7.71 0.53 22.1 44.4 8 5.09 557 19.6 
4.92 89 738 6.70 1.91 6.19 0.48 21.0 41.5 8 4.71 974 18.1 
2.71 61 870 6.28 2.58 5.67 0.44 20.1 39.4 17 4.41 718 16.8 
1.57 51 812 5.64 1.64 5.89 0.44 20.4 38.2 12 4.38 798 16.6 
3.87 75 832 7.48 2.64 7.33 0.56 22.7 43.2 17 4.84 737 18.0 
98-554 3.47 81 635 11.12 3.19 8.68 0.63 25.6 54.5 7 6.37 603 23.8 
98-567 Fortuna Clara 3.19 52 663 3.25 0.91 4.61 0.35 16.6 31.6 14 3.60 495 13.3 
98-570 8.73 216 686 19.97 5.81 11.60 1.18 22.8 45.5 7 5.36 560 20.1 
98-572 4.81 108 719 16.05 5.87 8.24 0.65 23.9 50.2 10 5.77 626 22.0 
98-575 4.15 108 568 8.30 2.38 6.34 0.41 16.1 33.5 7 3.98 608 15.5 
98-577 8.22 135 795 9.60 3.28 8.20 0.82 17.0 34.3 9 4.08 604 16.0 
98-529 3.93 97 711 13.38 2.65 7.16 0.65 29.6 50.3 7 5.45 675 20.2 
98-531 4.15 87 705 13.32 4.01 7.70 0.76 21.8 43.8 11 4.94 606 18.3 
98-542 1.26 55 717 5.52 1.79 6.63 0.45 18.9 36.0 11 4.09 726 15.6 
98-545 1.71 125 472 15.68 7.02 6.48 0.58 17.7 29.5 9 3.00 459 10.4 
98-546 San Lorenzo 1.47 73 688 12.95 4.30 6.78 0.60 24.6 44.2 11 4.70 584 17.0 
98-560 porphyry 5.75 77 439 11.76 5.02 6.86 0.46 30.9 60.4 15 6.79 254 25.4 
98-562 8.59 162 787 18.45 4.39 8.59 0.80 22.8 45.8 5 5.11 419 18.3 
98-563 6.72 112 630 21.89 4.41 6.73 0.68 19.8 38.0 13 4.16 377 14.0 
98-568 6.30 110 928 19.14 3.11 8.65 0.72 28.5 48.8 62 4.77 357 16.0 
98-573 3.74 121 870 19.85 4.15 6.19 0.71 41.7 60.9 9 5.63 403 18.1 
98-555 Fortuna 1.15 18 179 5.33 2.24 16.77 1.64 30.5 74.2 7 9.27 539 35.9 
98-557 Leucocratic 4.12 162 98 50.82 12.11 9.95 1.35 33.5 67.0 15 7.19 62 24.4 
98-558 intrusion 3.75 144 296 32.34 6.84 11.31 1.36 29.3 57.5 14 6.06 115 20.2 
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TABLE 5.3a. TRACE ELEMENT WHOLE ROCK COMPOSITION (in ppm) OF THE 
LOS PICOS-FORTUNA SUITE 
ANU 
ID 




























4.80 167 4.67 1.04 5702 4.08 0.57 3.65 19.97 0.71 2.04 2.02 0.29 
4.78 208 5.18 1.09 6974 4.23 0.61 3.95 20.60 0.75 2.14 2.17 0.31 
5.92 285 8.45 1.20 6495 5.05 0.74 4.71 25.20 0.93 2.61 2.67 0.40 
4.65 157 4.54 1.05 4981 3.85 0.54 3.47 18.49 0.68 1.89 1.95 0.29 
4.76 210 5.79 1.06 5344 4.20 0.59 3.70 20.04 0.73 2.00 2.14 0.32 
6.04 279 7.95 0.76 4627 4.87 0.70 4.41 24.84 0.87 2.53 2.72 0.39 
3.71 126 3.20 1.05 6203 3.16 0.44 2.65 14.53 0.50 1.37 1.36 0.19 
5.25 360 8.96 1.04 5989 4.42 0.63 3.94 20.61 0.75 2.22 2.32 0.34 
5.37 359 8.62 0.88 5270 4.49 0.66 4.19 25.22 0.81 2.36 2.44 0.37 
4.51 162 5.90 0.98 3751 3.81 0.54 3.40 13.89 0.67 1.89 1.95 0.30 
3.82 146 4.11 0.92 4326 3.15 0.41 2.60 13.82 0.48 1.33 1.39 0.21 
5.65 350 10.11 0.93 5737 4.44 0.66 4.17 22.53 0.80 2.29 2.43 0.36 
4.39 168 4.67 0.95 4506 3.64 0.52 3.24 17.39 0.64 1.78 1.79 0.27 
3.58 146 4.48 0.47 1443 3.08 0.45 2.96 17.18 0.61 1.80 1.97 0.30 
5.36 250 5.68 0.96 2980 4.26 0.61 3.91 23.51 0.74 2.16 2.29 0.32 
4.21 171 4.37 0.95 3810 3.29 0.46 2.73 21.93 0.51 1.43 1.55 0.22 
4.38 74 2.23 0.96 4897 3.38 0.46 2.89 14.56 0.53 1.40 1.51 0.22 
3.93 149 4.24 0.91 2638 3.00 0.42 2.53 14.88 0.48 1.35 1.37 0.21 
3.87 178 4.18 0.88 4318 3.09 0.40 2.45 13.18 0.47 1.28 1.37 0.22 
4.23 112 4.23 0.85 2702 3.32 0.47 2.81 11.72 0.52 1.48 1.66 0.25 
4.19 305 4.52 0.91 4098 3.42 0.49 2.95 17.61 0.57 1.50 1.55 0.22 
3.49 88 2.10 0.86 4178 2.88 0.41 2.37 13.09 0.43 1.26 1.21 0.18 
3.10 105 2.90 0.83 3964 2.13 0.27 1.60 8.32 0.30 0.84 0.81 0.12 
2.98 108 2.99 0.79 3679 2.15 0.27 1.57 8.35 0.28 0.78 0.82 0.12 
2.77 121 3.23 0.79 3224 1.90 0.24 1.40 7.26 0.27 0.71 0.77 0.11 
98-547 3.13 157 4.19 0.84 4094 2.21 0.28 1.58 8.64 0.31 0.82 0.93 0.14 
98-554 4.28 99 2.93 0.95 4526 3.21 0.43 2.55 13.45 0.49 1.36 1.44 0.20 
Fortuna Clara 
98-567 2.48 77 2.07 0.62 2472 1.67 0.23 1.31 6.82 0.24 0.62 0.63 0.10 

















3.75 116 8.25 1.01 3901 2.89 0.39 2.35 11.74 0.45 1.26 1.43 0.22 
2.79 80 1.91 0.74 2900 2.03 0.27 1.63 8.74 0.29 0.82 0.90 0.14 
3.27 63 3.01 0.73 3275 2.55 0.35 2.19 10.65 0.39 1.20 1.29 0.20 
3.60 121 3.49 0.87 4557 2.64 0.35 2.07 11.04 0.41 1.09 1.17 0.18 
3.19 112 3.11 0.81 4079 2.35 0.31 1.92 10.49 0.36 1.02 1.17 0.17 
2.67 117 2.80 0.69 2816 1.84 0.23 1.37 7.54 0.25 0.68 0.72 0.11 
1.78 77 2.76 0.45 2173 1.30 0.17 1.06 5.80 0.20 0.57 0.74 0.13 
2.73 93 3.00 0.73 2545 1.94 0.26 1.52 7.80 0.28 0.80 0.88 0.13 
4.06 140 3.86 0.83 5607 2.24 0.28 1.48 7.17 0.25 0.74 0.90 0.14 
3.52 188 5.14 0.54 2586 2.64 0.39 2.24 12.79 0.43 1.26 1.58 0.23 
2.74 85 3.19 0.56 2178 2.14 0.27 1.75 9.28 0.31 0.98 1.20 0.16 
2.32 163 4.57 0.47 3552 1.46 0.19 1.16 6.00 0.22 0.67 0.89 0.13 
2.42 86 2.73 0.56 2737 1.64 0.19 1.12 6.42 0.21 0.59 0.60 0.09 
6.50 116 3.21 1.12 4173 4.47 0.59 3.64 18.50 0.71 2.02 2.28 0.33 
3.95 59 2.89 0.25 898 2.74 0.38 2.24 13.39 0.44 1.30 1.66 0.27 
3.29 86 3.43 0.34 1457 2.45 0.35 2.23 13.91 0.45 1.41 1.86 0.29 
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Unit name Cs Rb Ba Th u Nb Ta La Ce Pb Pr Sr Nd 
8.71 231 621 42.73 10.77 12.58 1.11 33.3 72.6 13 8.17 219 30.8 
00-194 11.82 179 557 38.26 11.51 13.05 1.06 39.1 86.1 14 9.95 411 38.4 
00-196 d' . 6.40 148 617 28.09 8.51 13.01 1.02 31.6 69.0 15 7.83 315 30.4 
Pajonal 10nte 
00-197 8.54 180 585 32.97 7.69 13.26 1.11 28.8 61.7 15 7.25 282 27.8 
00-199 6.67 153 659 24.16 6.35 12.81 0.96 29.7 64.6 16 7.60 364 29.3 
00-200 4.24 130 610 26.42 7.12 8.29 0.69 28.8 60.4 6 6.94 388 26.7 
00-142 8.20 112 574 8.91 2.58 7.09 0.46 25.4 53.3 5 6.21 1181 24.5 
00-145 6.28 72 503 4.62 1.55 5.08 0.32 15.4 30.6 4 3.52 566 14.6 
00-160 Dark diorite 4.00 69 411 3.30 1.11 4.33 0.27 16.7 33.7 4 4.08 650 17.4 
00-184 14.75 188 335 5.26 2.60 5.32 0.29 26.5 50.0 8 5.59 505 21.6 
00-127 3.80 89 598 12.99 4.18 8.05 0.61 22.0 45.1 9 5.12 481 19.8 
00-128 4.47 105 618 25.25 5.58 11.66 0.94 27.8 60.8 12 6.84 276 25.8 
00-135 5.31 132 599 26.67 7.26 10.73 0.84 28.9 63.3 10 7.34 266 28.2 
00-136 Central diorite 2.49 70 650 11.36 3.03 8.19 0.58 23.5 50.4 6 5.87 380 23.2 
00-178 3.30 78 487 8.97 2.58 8.85 0.53 22.7 47.2 8 5.57 461 22.7 
00-181 4.56 128 671 31.95 9.36 13.17 1.02 29.6 65.9 12 7.67 270 29.9 
00-186 4.86 108 462 18.59 5.61 9.61 0.76 38.6 72.9 9 7.52 489 26.4 
00-139 6.80 122 670 19.90 7.99 8.51 0.71 23.0 45.7 10 5.08 458 20.0 













00-140 El Abra mine 
00-144 porphyry 
00-168 
21.35 240 811 17.17 5.40 10.40 0.85 27.7 56.1 11 6.18 406 23 .6 
2.29 95 466 37.56 11.25 10.96 1.27 22.9 53.2 3 5.88 276 21.7 
8.82 163 625 29.54 10.11 9.67 1.01 28.6 64.0 7 7.09 317 25.7 
4.02 130 753 32.82 7.21 11.45 0.86 26.9 58.3 13 6.58 245 25.1 
3.81 83 685 6.90 2.93 4.33 0.39 14.6 25.0 7 2.50 474 9.1 
8.80 286 405 7.49 1.31 5.97 0.48 26.2 50.1 54 5.29 88 19.5 
3.33 79 749 7.68 2.82 8.59 0.68 23.9 48.6 7 5.31 605 20.0 
2.43 69 693 8.73 2.99 5.73 0.47 17.4 32.8 11 3.57 553 13.4 
2.65 67 654 7.61 2.59 7.06 0.50 20.3 41.1 4 4.58 610 17.2 
5.22 87 788 7.73 3.06 8.59 0.69 22.3 44.0 8 4.72 698 17.1 
5.16 120 715 10.92 4.37 7.03 0.56 14.9 32.2 6 3.80 407 15.3 
1.37 46 758 5.29 1.24 5.92 0.47 21.1 40.9 9 4.36 632 16.1 
1.25 50 952 6.59 2.34 5.97 0.56 20.7 40.5 7 4.30 680 15.3 
0.97 39 855 6.46 1.87 6.26 0.54 21.6 41.2 9 4.40 618 15.8 
3.01 96 689 12.50 4.07 8.57 0.69 23.4 49.5 6 5.69 534 22.0 
00-172 1.92 51 770 5.24 1.64 6.02 0.51 16.8 33.2 54 3.55 398 13.0 
00-120 4.17 104 482 3.57 1.07 3.42 0.30 12.3 24.3 2.57 12 9.7 
00-125 2.59 103 402 28.91 11.77 11.37 1.41 20.5 46.1 19 5.12 293 19.1 






9.31 156 506 25.72 11.06 10.59 1.32 23.0 52.4 10 6.02 347 21.8 
2.13 101 517 39.06 8.90 8.55 0.91 20.2 42.5 6 4.59 221 17.0 
5.03 152 838 31.55 20.89 12.60 1.26 29.2 65.6 10 7.35 308 27.0 
3.24 129 532 59.29 25.44 9.90 0.79 30.1 66.2 10 7.28 186 26.9 
00-158 9.24 236 670 39.50 11.57 12.45 1.25 28.3 63 .7 14 7.58 366 28.8 
00-169 El Abra aplite 1.92 114 578 65.39 20.11 11.52 1.34 25.1 56.7 12 6.38 165 23 .2 
00-183 1.64 92 525 65.11 7.49 12.40 1.18 35.2 76.7 14 8.57 148 31.9 
00-188 2.00 161 701 72.09 19.77 13.63 1.53 23.5 53.4 15 5.91 265 22.2 
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TABLE 5.3b. TRACE ELEMENT WHOLE ROCK COMPOSITION (in ppm) OF THE 
PAJONAL-EL ABRA SUITE 
ANU 
ID Unit name Sm Zr Hf Eu TI Gd Th Dy Y Ho Er Yb Lu 
00-189 
00-194 
5.82 340 9.17 0.82 4140 4.72 
7.42 291 7.83 1.07 5569 6.13 
00-196 5.68 330 8.32' 0.94 5173 4.84 









5.74 242 6.27 1.03 5891 4.78 
4.97 183 4.99 1.00 5271 4.02 
4.64 123 3.18 0.98 6530 3.85 
2.81 111 2.81 0.88 5613 2.14 
3.61 71 1.96 0.95 5265 3.31 
4.31 82 2.19 1.04 6362 3.51 
3.72 150 4.10 0.89 4553 2.99 
00-128 4.85 161 4.27 0.78 5231 4.03 
00-135 5.32 282 7.30 0.92 5299 4.63 
00-136 Central diorite 4.50 184 4.69 0.94 4710 3.71 

















5.74 281 7.27 0.87 5348 4.62 
4.52 193 5.09 1.00 4978 3.48 
3.87 181 4.70 0.99 4623 3.56 
5.71 309 8.19 0.91 5721 4.72 
4.67 162 4.65 1.09 4769 3.72 
3.91 103 3.60 0.65 2127 2.94 
4.17 166 5.04 0.71 2582 2.66 
5.25 246 6.29 1.05 5088 5.09 
1.54 86 2.56 0.48 2595 1.16 
3.20 125 3.37 0.89 3388 2.36 
3.39 70 2.04 0.86 4225 2.77 
2.34 99 2.74 0.68 3364 1.73 
2.92 114 3.12 0.83 3393 2.18 
2.87 72 2.14 0.87 3449 2.06 
2.41 136 3.61 0.75 3466 2.12 
2.56 95 2.62 0.72 2533 1.71 
00-140 El Abra mine 2.70 71 1.98 0.87 2128 2.11 
00-144 porphyry 2.43 113 3.11 0.72 2182 1.74 
00-168 4.10 152 4.18 0.97 5155 3.45 
00-172 2.02 106 2.77 0.54 2354 1.45 
00-120 1.78 114 3.09 0.40 2505 1.45 
00-125 3.44 139 4.75 0.63 2431 2.63 
00-154 El Abra Apolo 3.71 128 4.59 0.59 2123 2.66 
leuco gran1 te 
00-171 3.81 472 12.92 0.72 2483 2.88 
00-187 3.07 104 3.37 0.61 2073 2.60 
00-124 4.76 251 7.48 0.85 2854 3.77 
00-150 5.44 228 6.80 0.74 2634 4.60 
00-158 . 5.29 80 2.53 0.89 3473 3.84 
El Abra aphte 
00-169 4.41 155 5.20 0.49 1928 3.76 
00-183 
00-188 
6.13 248 7.03 0.73 2798 4.91 
4.08 249 7.93 0.60 2544 3.59 
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4.23 23.53 0.84 2.43 2.53 0.37 
5.43 29.56 1.06 2.99 3.18 0.46 
4.33 23.70 0.84 2.46 2.56 0.36 
4.07 21.50 0.79 2.19 2.34 0.33 
4.25 22.88 0.84 2.36 2.38 0.36 
3.59 18.94 0.70 1.93 1.96 0.27 
3.14 15.95 0.58 1.60 1.61 0.24 
1.85 9.80 0.34 1.03 1.01 0.16 
2.95 15.70 0.59 1.70 1.71 0.24 
3.15 15.73 0.60 1.65 1. 76 0.24 
2.57 13.94 0.50 1.43 1.49 0.21 
3.68 18.80 0.67 1.94 2.02 0.28 
4.25 23.21 0.81 2.26 2.26 0.33 
3.32 17.73 0.62 1.80 1.84 0.26 
3.14 16.49 0.61 1.74 1.74 0.26 
4.14 22.50 0.81 2.29 2.33 0.33 
2.95 15.25 0.57 1.70 1. 73 0.26 
3.16 16.58 0.61 1.68 1.73 0.25 
4.35 23.31 0.84 2.39 2.45 0.36 
2.98 15.91 0.57 1.61 1.61 0.25 
2.68 15.86 0.54 1.65 1.86 0.28 
2.13 12.18 0.41 1.28 1.58 0.24 
5.00 29.70 0.99 2.80 2.75 0.38 
0.91 4.96 0.16 0.50 0.57 0.10 
1.90 9.83 0.34 1.02 1.16 0.18 
2.51 12.93 0.46 1.27 1.36 0.19 
1.40 7.65 0.27 0.73 0.84 0.13 
1.72 9.27 0.32 0.95 0.98 0.15 
1.61 8.61 0.29 0.87 0.97 0.15 
1.53 9.99 0.28 0.94 0.99 0.13 
1.26 6.61 0.22 0.63 0.67 0.09 
1.77 7.90 0.33 0.90 1.05 0.15 
1.36 7.95 0.25 0.73 0.75 0.12 
2.91 15.35 0.56 1.51 1.61 0.23 
1.14 6.20 0.21 0.60 0.66 0.10 
1.28 7.42 0.26 0.76 0.90 0.14 
2.34 13.74 0.47 1.38 1. 72 0.26 
2.35 14.22 0.47 1.38 1. 79 0.26 
2.74 16.44 0.55 1.69 2.11 0.31 
2.20 11.21 0.42 1.15 1.24 0.18 
3.07 16.22 0.59 1.62 1.84 0.27 
4.07 19.50 0.76 2.03 2.08 0.31 
3.23 17.92 0.62 1.80 2.08 0.32 
3.60 20.79 0.71 2.06 2.36 0.36 
5.01 27.46 0.98 2.85 2.89 0.44 
3.52 19.93 0.69 2.06 2.47 0.37 
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Plagioclase core compositions 
Plagioclase cores were analysed using a Camebax electron microprobe, which was set 
to record major element oxides by electron dispersive spectrometry, at 15 kV and 6 nA. The 
major element compositions were converted into albite and anorthite components. 
Total Fe as FeO 
• Dbasalt 
;d'basal'tlc andeslte 




• f. rhy"6te 
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RESULTS 
Major element trends 
--1\fgO 
Figure 5.2. An AFM 
projection of data from 
the Los Picos-
F ortuna/Paj onal-El 
Abra intrusive 
complex, shown in 
closed circles, in 
addition to typical calc-
alkaline basaltic to 
rhyolitic compositions 
in open boxes, from 
Wilson (1989) . 
An AFM plot for the Los Picos-Fortuna/Pajonal-El Abra batholith and typical calc-
alkaline compositions is shown in Fig. 5.2. The plot indicates that the major element chemistry 
of the intrusive complex is of calc-alkaline character. Figure 5 .3 shows that the major element 
whole rock composition of the Los Picos-Fortuna (in open symbols) and Pajonal-El Abra 
intrusive suites (in closed symbols) covers a similar range between ca. 55 to 77 wt. % Si02. 
The Pajonal-El Abra data are more diffuse than the Los Picos-Fortuna values, indicating that 
some major elements have been mobilised. Hydrothermal alteration at El Abra has lead to 
redistribution of some major elements. Figure 5.3 illustrates that CaO has been lost relative to 
equivalent Los Picos-Fortuna samples, whereas K20 and Na20 have been gained. Table 5.lb 
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provides a useful indication of those samples that have been most strongly affected by 
alteration. Overall however, the major element levels decrease with silica enrichment, with the 
exception of whole rock K20, which remains approximately constant until about 65 wt. % 
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Figure 5.3. Major element whole rock compositions of the Los Picos and Fortuna intrusions 
determined by XRF. The major element trends define the evolution of the Los Picos and 
Fortuna melt composition over ca. 5 m.y. of calc-alkaline magmatism. The full circles 
represent data from the Pajonal and El Abra intrusions, whereas the open symbols represent 
only the Los Picos and Fortuna intrusion data (Los Picos - boxes, Fortuna Gris - circles, 
Fortuna Clara - upright triangles, the Fortuna leucocratic intrusion - inverted triangles, and the 
San Lorenzo porphyry - diamonds). 
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Alumina and Na20, have a noticeable kink at ca. 65 wt. % Si02 followed by a drop in the 
concentration of both. In the case of Cao and P20s, there is a steady decrease over the entire 
crystallisation interval, whereas for Ti02, FeO and MgO, there is a decrease to ca. 65 wt. % 
Si02, followed by a further decrease at a slightly lower gradient. Figure 5.4 contains a plot of 
silica composition against age for the complex's intrusive units, and indicates that overall the 
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Figure 5.4. A plot of silica 
contents for individual 
samples of intrusive units 
from the Los Picos-
Fortuna/Pajonal-El Abra 
batholith, ordered by 
emplacement age. The 
various units exhibit 
substantial compositional 
ranges with significant 
overlap between units. 
However, overall they 
become more evolved 
with age. 
Each intrusive unit in the Los Picos-Fortuna suite displays a compositional range. 
Although the average value for major and immobile trace elements for each unit varies 
unidirectional with time, the individual data for the five Los Picos-Fortuna intrusive units 
show significant overlap. The range of overlapping compositions is such that when the units 
are considered in the order of evolution of their average compositions, the most primitive 
composition of the more fractionated intrusive suite is less evolved than the most evolved 
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composition of the less fractionated suite. An example of this characteristic is clearly 
displayed by the plot of MgO against silica shown in Fig. 5.5 . Notice that the average MgO 
content of each intrusive suite is less than previous suites, despite significant compositional 
ovedap between suites. This behaviour is displayed in the other major elements (Figs. 5.3), as 
well as in the plagioclase anorthite contents (Fig. 5.6) and whole rock rare earth element 
(REE) compositions (Fig. 5.7). Each chemical parameter displays significant compositional 
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Figure 5.5 . (As for Fig. 3.12) Plot A illustrates the variation in MgO with silica enrichment for 
the Pajonal-El Abra intrusive suite. Plot B contains MgO data for the Los Picos and Fortuna 
intrusive suites. Notice that both complexes span a similar compositional range, although the 
Pajonal-El Abra data display more scatter because of alteration associated with porphyry 
copper mineralization. In plot B, Los Picos is shown as boxes, Fortuna Gris as circles, Fortuna 
Clara as upright triangles, the San Lorenzo porphyry as diamonds and the Leucocratic 
intrusions as inverted triangles. There is considerable overlap between the compositions of 
successive intrusions; however, the average value for each decreases unidirectionally with 
magmatic evolution from Los Picos (in dark shading) to the Fortuna Leucocratic intrusion (in 
light shading). The large filled boxes represent average MgO and Si02 contents for each unit, 
and indicate two sigma. 
Trac:e element trends 
A primitive mantle normalised trace element diagram (Fig. 5.8) comparing a typical 
cale-alkaline profile (Class et al., 1999) with Los Picos data indicates that in terms of trace 
element signature, the Los Picos-Fortuna/Pajonal-El Abra batholith consists of cale-alkaline 
rocks. The mobile trace elements cannot be relied on for evaluating magmatic evolution and 
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are not considered in this study. However the immobile trace elements, such as the REE can 
be used for this purpose. Figure 5. 7 shows that the whole rock NM ORB normalised REE 
compositions of the intrusive units correlated on the basis of emplacement age (Maksaev et al., 
1994; Dilles et al., 1997; chapter 3) are in excellent agreement, further supporting the 
hypothesis that the Pajonal-El Abra and Los Picos-Fortuna suites represent correlative 
























San Lorenzo Porphyry 
Leucocratic intrusion 
0 0.2 0.4 0.6 0.8 1 
Anorthite Fraction 
107 
Figure 5.6. The anorthite content of Los 
Picos and Fortuna plagioclase cores 
obtained by electron microprobe. There is 
considerable compositional overlap 
between intrusive suites but overall, the 
average An decreases from Los Picos to 
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Figure 5.7. NMORB normalised (Sun and McDonough, 1989) REE whole rock data for 
intrusive units from the Los Picos-Fortuna/Pajonal-El Abra batholith, previously correlated on 
the basis of emplacement age. Arrows indicate the direction of differentiation, see text. 
Previous work has identified significant amphibole involvement in the magmatic 
evolution of systems associated with porphyry copper mineralization (Lang and Titley, 1998; 
Richards et al., 2001). Figure 5.7 shows that some of the heavy REE (HREE) profiles within 
Fortuna Gris show concave profiles, typical of amphibole fractionation. These Er-centred 
minima are even more accentuated in Fortuna Clara and the San Lorenzo porphyry, but are not 
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quite as pronounced in the Fortuna Leucocratic intrusion. To identify the point where 
magmatic differentiation included amphibole involvement, it is necessary to examine variation 
diagrams of Er and La/Er against silica enrichment. 
i 
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Rescheshnoi ca c-alkallne ata 
between 57 and 65 wt. % Si02 
Los Picos whole rock data 
between 57 and 66 wt. % Si02 
£ 100 
';' 
5 5 10 
§ 
1 from Gass et al., 1999 ,_,_..._.__.___.._._._,_..__._..._.__.___.._,___,_,_..__.__._.__.___..-'-'._.._..__.__._.__.___..-'-'._.._..__.__._.__.___..__.__,._.._..__.__._.__.___..__.__,_,_.__.___, ~&UTu~~~~h~~&fu~~&UTu~~~~h~~&fu~ 
~Thm~ft&~ffiTIThY~Th ~Thm~ft&~ffiTIThY~Th 
Figure 5.8. Primitive mantle normalised (Sun and McDonough, 1989) trace element data for 
multiple Los Picos diorite samples (in black) compared with a typical primitive mantle 
normalised calc-alkaline profile taken from the Rescheshnoi volcanic sequence (in grey) 
(Class et al., 1999). 
Figure 5.9 shows the variation of whole rock Er with silica for the Los Picos-Fortuna 
intrusions. The data show two trends. Trend 1, labelled LW trend on Fig. 5.9, is displayed by 
samples from Los Picos and the Leucocratic intrusion. It shows increasing Er contents until ca. 
66 wt.% Si02, followed by an Er-decrease. Trend 2, labelled HW trend on Fig. 5.9, is seen in 
samples from Fortuna Gris, Fortuna Clara and the San Lorenzo porphyry. It is characterised by 
decreasing Er from ca. 62 wt. % Si02. Fortuna Gris is intermediate with some samples 
belonging to both trends. Fortuna Gris samples are allocated to trends 1 and 2 according to 
their proximity to these trends on the Er versus Si02 plot as shown in Fig. 5.9. 
Figure 5.10 shows the variation of the whole rock La/Er ratio with silica for the Los 
Picos-Fortuna intrusions. As for Fig. 5.9, these data also show two distinct trends. Trend 1, 
also labelled L W trend on Fig. 5 .10, is again displayed by samples from Los Pi cos and the 




which it increases markedly. Trend 2, labelled HW trend on Fig. 5.10, is seen in samples from 
Fortuna Gris, Fortuna Clara and the San Lorenzo porphyry. It shows an increase La/Er ratios 
from ca. 62 wt. % Si02. As in the case for the Er against Si02 plot, Fortuna Gris is 
intennediate, with samples belonging to both trends. Those Fortuna Gris samples belonging to 
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Figure 5.9. A plot of whole 
rock Er variation with silica 
enrichment for individual 
samples from the Los Picos-
F ortuna intrusions. Legend: 
Los Picos - boxes, HW 
Fortuna Gris - filled circles, 
LW Fortuna Gris - empty 
circles, Fortuna Clara - upright 
triangles, the Leucocratic 
intrusion - inverted triangles, 
and the San Lorenzo porphyry 
- diamonds. The data display 
two trends, these have been 
annotated on the plot. 
Figure 5.10. A plot of the 
change in La/Er ratio with silica 
enrichment for individual 
samples from the Los Picos-
Fortuna intrusions. Legend: Los 
Picos - boxes, Fortuna Gris -
circles, Fortuna Clara - upright 
triangles, the Fortuna leucocratic 
intrusion - inverted triangles, 
and the San Lorenzo porphyry -
diamonds. The Picos-Fortuna 
data display two trends, these 
have been annotated on the plot. 
A plot of Eu/Eu* variation with silica enrichment for the Los Picos-Fortuna intrusions 
is shown in Fig. 5 .11. The same two trends can again be recognised. Trend 1, labelled L W on 
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Fig. 5 .11 , shows decreasing Eu/Eu* values with silica enrichment, and includes samples from 
Los Picos and the Leucocratic intrusion. Trend 2, labelled HW on Fig. 5.11 , again includes 
samples from Fortuna Gris, Fortuna Clara and the San Lorenzo porphyry. It shows increasing 
Eu/Eu* values from ca. 62 wt.% Si02. As in the case of Figs. 5.9 and 5.10, Fortuna Gris is 
intermediate, with samples belonging to both trends. The Fortuna Gris samples belonging to 
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DISCUSSION 
Processes of magma evolution 
75 80 
Figure 5 .11 . A plot of the 
variation in Eu/Eu* with silica 
enrichment for the Los Picos-
F ortuna intrusions. Legend: Los 
Picos - boxes, Fortuna Gris -
circles, Fortuna Clara - upright 
triangles, the Fortuna leucocratic 
intrusion - inverted triangles, and 
the San Lorenzo porphyry -
diamonds. The Picos-Fortuna data 
display two trends, these have 
been annotated on the plot. This 
plot indicates that Eu/Eu* ratios 
greater than 1 can only be 
achieved by plagioclase 
assimilation. 
There are three main processes that are likely to have influenced the chemical 
differentiation in the Los Picos-Fortuna/Pajonal-El Abra batholith: (i) fractional 
crystallisation, (ii) the assimilation of surrounding wall and roof rocks, and (iii) multiple 
injection of melt into the magma chamber. Although the compositional variations in the Los 
Picos-Fortuna/Pajonal-El Abra intrusive complex depend on a number of factors, the principal 
control appears to be fractional crystallisation. The smooth and continuous trends in major 
element composition with silica enrichment (Fig. 5.3) are most consistent with fractional 
crystallisation having controlled the overall chemical variations within the intrusive complex. 
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These trends are not linear. This is a significant observation because it demonstrates that 
restite unmixing, which produces near perfect linear arrays (White and Chappell, 1977), could 
not lb.ave been the process controlling the overall chemical evolution of the system. 
Differentiation that produces trends to more felsic compositions over time (Fig. 5.4) provides 
compelling evidence for fractional crystallisation. None of the alternative processes of 
differentiation, such as source region heterogeneity, variable degrees of partial melting, melt 
mixing and restite unmixing would be expected to generate unidirectional chemical trends 
with time. 
The widespread presence of xenocrystic zircon (chapter 3) and the high K20 contents 
of the more primitive intrusive units, suggest that assimilation played a role in the 
compositional evolution of the Los Picos-Fortuna/Pajonal-El Abra batholith. Unfortunately, it 
is not possible to quantitatively model the effects of assimilation because the nature of the 
assimilant is unknown. 
The compositional overlap between the intrusive units of the Los Picos-
Fortuna/Pajonal-El Abra intrusive complex suggest that multiple injection of primitive calc-
alkaline . melt played an important role in the chemical evolution of the system. Where 
chemical trends follow linear trajectories, multiple injection would simply reset the magma 
compositions to more primitive values. However, for non-linear evolutionary trends, multiple 
injection would have introduced scatter into the variation diagrams. 
If fractional crystallisation was the major factor governing the overall magmatic 
evolution of the Los Picos-Fortuna system, it is desirable to establish the amount and 
characteristics of the cumulate phases needed to generate the observed whole rock trends 
shown in Figs. 5. 3 and 5. 7. The following sections evaluate the major and trace element 
variations of the Los Picos-Fortuna intrusive suite in terms of fractional crystallisation, to 
establish how much of the observed compositional range can be explained by this process. 
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Magma water contents 
For calc-alkaline composition melts, the partition coefficients of the REE are less than 
one for pyroxene and greater than one for amphibole (Hauri et al., 1994; Klein et al., 1997). 
Therefore fractionation of pyroxene leads to enrichment of REE, with their patterns remaining 
sub-parallel, whereas amphibole fractionation leads to REE depletion. Furthermore, since the 
HREE have higher partition coefficients than the LREE, amphibole fractionation is also 
accompanied by an increase in the LREE to HREE ratio. Specifically, the partition coefficient 
for Dy into amphibole is greater than the other HREE, which results in amphibole 
fractionation producing a characteristic spoon-shaped pattern in the HREE. 
These differences in pyroxene and amphibole fractionation can be used to identify the 
point at which amphibole first starts to crystallise. Amphibole crystallisation is accompanied 
by a decrease in whole rock Er contents and an increase in whole rock La/Er ratio. This occurs 
first in trend 1 (HW trend) at 62 wt.% Si02 (Figs. 5.9 and 5.10), and at ca. 66 wt.% Si02 in 
trend 2 (LW trend) (Figs. 5.9 and 5.10). Experimental data suggest that amphibole 
crystallisation occurs in basaltic-andesite magmas at middle to lower crustal pressures when 
the water content reaches ca. 6 wt. %. (Moore and Carmichael, 1998). The early appearance of 
amphibole in trend 1 implies that this magma has a higher water content than the trend 2 




The major element data from the Los Picos and Fortuna intrusive units can also be 
separated into L W and HW trends on the basis of their whole rock Er content, as explained 
above. The L W trend major element data show a continuous decrease in all major element 
oxides except K20. The HW trend major element data also show a decrease in all major 
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element oxides, except for K20, and Na20 at intermediate melt compositions. Although the 
two trends show similar major element distributions (Fig. 5 .12) the L W trend displays a more 
pronounced decrease in Ah03 and Na20 than the HW trend at intermediate levels of 
fractiionation. 
The qualitative make-up of the cumulates deposited during fractional crystallisation 
can be established by examining the major element trends (Fig. 5.12), in conjunction with the 
likely compositions of cumulus phases. The composition of likely cumulus phases are 
superimposed on the major element LW and HW trends in Fig. 5.13. The LW trend shows a 
decrease in Ah03, CaO, Na20, and MgO + FeO, which requires plagioclase and a mafic phase 
to have crystallised throughout. The overall gradual decrease in Cao requires that the earliest 
cumulate assemblages included orthopyroxene, to prevent rapid Cao depletion. 
The HW trend shows approximately constant Ah03 at intermediate compositions, 
whereas Na20 increased between 62 and 67 wt. % Si02, indicating that plagioclase 
crystallisation was less important over this range than in the L W trend. Plagioclase is 
destabilised at higher melt water contents. (Green, 1971), so a reduction in the amount of 
plagioclase that crystallised is consistent with a more hydrous magma. The whole rock MgO + 
FeO contents of the HW trend are slightly lower than in the LW between 62 and 75 wt. % 
Si02 .. This requires that the mafic phases crystallising in the HW trend had a higher partition 
coefficient for those elements than those in the L W trend, or that the mafic phase to feldspar 
ratio was slightly higher in the HW trend. The major element variations alone can only be 
used as evidence for the fractionation of plagioclase plus a mafic component. Further 
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Figure 5.12. The Los Picos and Fortuna major element data have been separated into low and 
high water trends as discussed in the text. The L W data are shown in open circles, and the HW 
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Figure 5.13. The four major element 
variation diagrams show the L W and HW 
whole rock compositions in open and 
closed circles respectively. The diagrams 
also show the composition of the 
cumulus minerals discussed in the text. 
The two large circles represent possible 
bulk starting cumulate compositions that 
may have been extracted from the melt. 
These consist of ( 1) orthopyroxene, 
clinopyroxene and plagioclase, and (2) 
amphibole and plagioclase. The figures 
show that the observed Los Picos-
Fortuna major element compositions can 
be divided into two trends. These were 
probably produced by the extraction of 
pyroxene and plagioclase, and then 
amphibole and plagioclase, to generate 
the L W trend, and by the extraction of 
increasing amounts of amphibole and 
sodic plagioclase, to generate the HW 
trend. This possibility is discussed in 




Trac~ element modelling follows the approach outlined in Hanson (1989) for fractional 
crystallisation, using the formulation of Neumann et al., (1954): 
(1) 
where: CL is the concentration of an element in the residual liquid, Co is the concentration of 
the element in the parental magma, F is the fraction of the remaining liquid, and D is the bulk 
distribution coefficient between the crystallising solids and the coexisting liquid. 
The Los Picos sample with the lowest Si02 concentration was selected as the starting 
composition for the modelling. Because the whole rock major and trace element data indicate 
that magmas of the Los Picos-Fortuna intrusive suite are related by fractional crystallisation, 
the modelling should be capable of reproducing the principal variations in the observed 
compositional range from a single starting composition. The assumed starting composition for 
the trace element modelling was the most primitive Los Picos composition (the sample with 
the lowest Si02). The starting composition of each successive intrusive unit was then taken to 
be the evolved composition of the previous unit, which has REE concentrations that are most 
similar to the most primitive sample of the unit being modelled. Following previous 
discussions and with reference to Figs. 5 .12 and 5. 7, the most primitive composition of one 
unit may be less fractionated than the most evolved composition of the previous unit. For the 
LW trend, the starting composition for Fortuna Gris was taken from a 10 % crystallised Los 
Picos magma, whereas that of the Leucocratic intrusion was taken from a 35 % crystallised 
Los Picos magma. The HW trend, was modelled as departing from the LW trend at a 35 % 
crystallised high-Er Fortuna Gris magma. The final modelled trends were selected by a trail 
and error approach, based on linear combinations of cumulate compositions. More elaborate 
modelling procedures are inappropriate given the lack of constraints imposed by other 
processes such as recharge and assimilation. 
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In the LW trend, the REE patterns of Los Picos and the high-Er Fortuna Gris samples 
display relatively flat HREE patterns, whereas the HREE patterns of the Leucocratic intrusion 
became weakly concave at high Si02 values (Fig. 5.14). This REE evolution can be quantified 
through the modelling approach outlined above. The calculations suggest that the initial REE 
variations in the L W trend resulted from the extraction of a cumulate assemblage consisting of 
orthaipyroxene + clinopyroxene and ca. 40 % plagioclase, which changed during the final 
stages of differentiation (at ca. 66 wt. % Si02: Fig. 5.9), to an assemblage consisting of about 
20 % amphibole and about 80 % plagioclase crystallisation (see Table 5.4). 
TABLE 5.4. SMOOTHED REE MINERAUMELT PARTITION COEFFICIENTS 
Mineral j!hase La Ce Pr Nd Sm Eu Gd Tb Dl: Ho Er Tm Yb Lu 
Orthopyroxene1 0.03 0.04 0.04 0.05 0.06 0.07 0.08 0.10 0.12 0.13 0.15 0.20 0.24 0.32 
Clinopyroxene2 0.05 0.07 0.11 0.14 0.33 0.37 0.39 0.40 0.41 0.41 0.41 0.41 0.41 0.43 
Amphibole3 1.05 1.20 1.50 1.90 2.01 1.62 2.30 2.51 2 .68 2.58 2.47 2.26 2.10 1.95 
Plagioclase (intermediate)4 0.18 0.12 0.11 0.09 0.06 0.75 0.11 0.15 0.14 0.13 0.12 0.11 0.10 0.10 
Plagioclase (rhyolitic)4 0.30 0.22 0.21 0.19 0.12 2.00 0.13 0.14 0.13 0.12 0.12 0.11 0.10 0.10 
Gamet5 0.07 0.13 0.23 0.35 1.25 1.52 5.20 7.10 13.8 23.8 35.2 47.6 53.0 57.0 
Apatite6 58.3 52.9 48.2 42.3 32.3 8.0 29.2 26.4 22.1 20.0 18.2 15.l 13.1 12.3 
Sphene7 46 87 120 152 204 181 250 248 222 204 180 148 126 101 
Allanite8 3217 2579 2184 1840 977 122 644 452 282 202 145 99 62 44 
DATA SOURCE: (1) Fujimaki et al., 1984 (2) Hauri et al., 1994 (3) Klein et al., 1997 (4) Dacort and Druitt, 1988 
(5) Irving and Frey, 1978 (6) Hermann et al., 2001 (7) Luhr et al., 1984 (8) Mahood and Mildreth, 1983. 
Unlike the profiles of the L W trend samples, the HW trend whole rock REE patterns 
for the low-Er Fortuna Gris, Fortuna Clara and the San Lorenzo porphyry samples display Er-
centred, concave HREE patterns that progressively grew larger during fractionation (Fig. 
5.14). The decrease in Er can be modelled if amphibole appears as a cumulus phase at 
approximately 62 wt. % Si02 (Fig. 5.9), and is associated with a 5 to 10 % reduction in the 
amount of cumulus plagioclase (Table 5.5). During the final stages of crystallisation the 
cumulate assemblage evolved to ca. 60 % amphibole and only ca. 40 % plagioclase, which 
compares with about 20 % amphibole and 80 % plagioclase during the final stages of 
fractiionation of the L W trend. This difference in the amount of plagioclase crystallisation in 
118 
Chapter 5 
the two trends is consistent with the major element variations discussed before. The sense of 
differentiation is obtained from Figs. 5.9 and 5.10 and has been indicated on Fig. 5. 7. 
Table 5.4 contains artificially smoothed REE mineraVmelt D-values. Interpolation has 
been used to smooth spikes or troughs from the REE D-value profiles. On the basis of these 
smoothed D-values, the combination of cumulate compositions for the LW and HW trends' 
assemblages that produce the best agreement with the observed whole rock REE compositions 
are listed in Table 5.5 and further information about the modelling is given in Table 5.6. Table 
5.5 also includes small amounts of accessory minerals, which are discussed below. 
TABLE 5.5. MODEL TRACE ELEMENT CUMULATE COMPOSITIONS (as a percentage) 
FOR THE LOS PICOS-FORTUNA SUITE 
Fortuna San Lorenzo Fortuna Mineral phase Los Picos Fortuna Gris Leucocratic Clara porphyry intrusion 
Trend LW LW LW 
HW HW HW 
Orthopyroxene 16 16 
Clinopyroxene 40 40 32 
Am phi bole 36 60 60 20 
Plagioclase (intermediate) 27 27 30 36 38 19 
Plagioclase (rhyolitic) 15 15 60 
Garnet 0.25 0.25 1.25 2.20 1.30 0.76 
Apatite 0.62 0.62 0.84 1.00 0.55 0.40 
Sphene 0.033 0.033 0.14 0.24 0.30 0.37 
Allanite 0.016 0.016 0.016 0.011 
Alternative choices do not produce such a good agreement between observed whole 
rock REE trends and modelled REE trends. For example, if larger amounts of plagioclase 
crystallised instead of a mafic mineral, the REE concentration, with the exception of Eu, 
would increase too quickly and Eu would decrease too quickly. If additional orthopyroxene or 
clinopyroxene were to crystallise at the expense of plagioclase, the calculated REE 
concentrations would fall at too high a rate, again with the exception of Eu, which would 
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increase at a slightly higher rate than in the observed trends . If additional amphibole 
crystallised, at the expense of any of the other phases, the REE concentrations, and the HREE 
in particular, would fall too quickly. Fractional crystallisation of small quantities of garnet, 
apatite, sphene and allanite are necessary to reproduce the observed REE patterns. In 
particular, either minor amounts of zircon and/or garnet crystallisation are necessary, in 
conjunction with amphibole, to produce the observed Er minima in the low-Er Fortuna Gris, 
Fortrnna Clara, San Lorenzo porphyry, and Leucocratic intrusion units. 
TABLE 5.6. CALCULATED INITIAL AND FINAL REE COMPOSITIONS (in ppm) 
FOR THE TRACE ELEMENT MODEL 
Suite and trend San Lorenzo Fortuna 
Los Ficos Fortuna Gris Fortuna Gris Fortuna Clara Leucocratic 
type porphyry intrusion 
LW LW HW HW HW LW 
Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 
La. 9.52 12.32 10 .04 13.54 13.54 8.55 10.48 8.56 10.48 6.57 11.83 10.43 
Ce: 6.83 9.01 7.23 9.98 9.98 6.56 7.90 6.44 7.90 4.76 8.63 7.44 
Pr 4.57 6.06 4.85 6.72 6.72 4.17 5.15 4.06 5.15 2.73 5.80 4.64 
Nd 3.26 4.36 3.46 4.86 4.86 2.77 3.55 2.68 3.55 1.59 4.17 3.05 
Sm 1.77 2.35 1.88 2.60 2.60 1.54 1.94 1.48 1.94 0.85 2.25 1.60 
Eu 1.03 1.15 1.05 1.20 1.20 0.93 1.04 0.87 1.04 0.56 1.13 0.43 
Gd 1.05 1.36 1.10 1.49 1.49 0.75 1.02 0.73 1.02 0.36 1.30 0.80 
Tb 0.81 1.05 0.86 1.15 1.15 0.55 0.76 0.53 0.76 0.25 I.OJ 0.60 
Dy 0.76 0.99 0.81 1.09 1.09 0.50 0.71 0.48 0.71 0.22 0.95 0.59 
Ho 0.67 0.87 0.71 0.96 0.96 0.43 0.61 0.41 0.61 0.19 0.84 0.53 
Er 0.63 0.82 0.67 0.90 0.90 0.39 0.56 0.37 0.56 0.18 0.79 0.52 
Yb 0.64 0.83 0.67 0.91 0.91 0.41 0.58 0.38 0.58 0.21 0.79 0.59 
Lu 0.63 0.81 0.66 0.88 0.88 0.41 0.58 0.38 0.58 0.23 0.78 0.62 
Starting point for 
intrusive suite LW HW HW (number indicates Lp!OO Lp90 FrGr35 FrGr40 FrGr40 Lp65 percentage of 
melt remaining) 
Percentage of 
cumulates 40 35 60 40 50 50 
extracted 
Percentage of 100 60 90 58.5 58.5 23.4 35 .1 21.1 35 .1 17.6 65 32.5 
remainin melt 
The crystallisation of amphibole alone would produce Dy minima (Klein et al., 1997). 
Small amounts of apatite, sphene and allanite help to produce calculated LREE and HREE 
trends that correspond closely to those observed (Fig. 5.14). The measured anorthite contents 
of plagioclase (Fig. 5.6) and the progressive decrease in whole rock Cao in the Los Picos-
Fortuna suite (Fig. 5.12) imply that the fractionated plagioclase grew increasingly sodic. 
120 
Chapter 5 
However modelling the observed Los Picos-Fortuna intrusive units with a progressively sodic 
plagioclase (using the values in Table 5.4) to match the measured anorthite contents, produces 
an excessively large negative Eu-anomaly in the HW trend intrusions. This apparent 
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Figure 5.14. NMORB normalised (Sun and McDonough, 1989) REE whole rock data 
for intrusive units from the Los Picos-Fortuna intrusive suite. Plots 1 to 5 show the REE 
compositions based on fractional crystallisation. The calculated melt compositions are shown 




Cerium ratios and Eur_opium anomalies 
It was shown in chapter 4 that variations in the Ce(IV)/Ce(III) ratio of zircon are 
related to changes in the oxidation state of the magma. The average Ce(IV)/Ce(llI) ratios in 
zircon varied during the differentiation of the Los Picos-Fortuna/Pajonal-El Abra intrusive 
complex (Fig. 5.15), suggesting that the oxidation state in the magmas also varied. As with the 
major and trace element data, the zircon Ce(IV)/Ce(III) ratios can be divided into LW and HW 
trends. Figure 5.15 shows that units comprising the HW trend became more oxidised during 
the later stages of their evolution, whereas the oxidation state for units comprising the L W 
trend remained approximately constant. 
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Figure 5 .15. The arrows indicate the direction of zircon Ce(IV)/Ce(llI) ratio evolution in the 
HW and L W trends. 
An effect of increasing the oxidation state of a magma is also to increase the Eu(IIl)/Eu(II) 
ratio in the melt, which results in a decrease in the partition coefficient for Eu in plagioclase. 
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This can explain the more rapid onset of a negative Eu-anomaly in units belonging to the L W 
trend than in those of the HW trend (Figs. 5 .11 and 5 .14). However, oxidation alone cannot 
explain the disappearance of the negative Eu-anomalies in units of the HW trend during the 
final stages of their magmatic evolution (Fig. 5 .14). This feature can only be explained if the 
magmas also assimilated a sufficient amount of feldspar from the wall or roof rocks, with a 
positive Eu-anomaly, to cancel the negative Eu-anomaly in the evolved melt. 
Genetic model 
Figure 5 .16 shows a schematic crustal cross section illustrating the processes thought 
to have been involved in the evolution of the Los Picos-Fortuna/Pajonal-El Abra batholith. 
The key feature is a large zoned magma chamber below the Los Picos-Fortuna/Pajonal-El 
Abra intrusive complex that was open to influxes of calc-alkaline basaltic-andesite at is base, 
and that supplied magmas from its upper parts to the intrusive complex. The chamber was 
probably zoned, because as water accumulated, resident evolved melt became buoyant relative 
to new injections of primitive magma. As fractional crystallisation proceeded, cumulates 
deposited in the lower parts of the chamber would have prevented the lowest portions of the 
magma chamber from assimilating country rocks. However, cumulates were unlikely to 
prevent partial melting and assimilation of roof and wall rocks at higher levels in the chamber 
(Campbell and Turner, 1986). Figure 5.16 illustrates the contrast between the chemical 
features of magmas belonging to the LW and HW trends. The LW magmas Fig. 5.16(A) 
developed increasingly negative Eu-anomalies and flat HREE patterns until the final stages of 
fractionation. The HW magmas Fig. 5. l 6(B) progressively lost the negative Eu-anomaly and 
developed strongly spoon-shaped Er-centred HREE patterns. 
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Figure 5.16. A schematic illustration of the genetic model described in the text, showing the 
key chemical features of the L W and HW magmas. The L W magmas developed pronounced 
negative Eu-anomalies during differentiation and weak HREE concave patterns. The HW 
magmas lost any negative Eu-anomaly and developed noticeable Er-centred HREE depletion 
patterns. The chamber is likely to have contained volumes of magma in the order of 1000 km3 
(Cloos, 2001). 
Implications for porphyry copper mineralization 
This part of the study shows that a large and long-lived calc-alkaline magmatic system 
developed in the Tertiary in the Chuquicamata-El Abra district. A deeper zoned chamber fed 
the intermediate to high level intrusions that are now the Los Picos-Fortuna/Pajonal-El Abra 
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intrusive complex. The magmas tapped from this chamber evolved along two different 
fractionation trends: a water-rich trend, which eventually evolved to intrusions associated with 
porphyry copper mineralization, and a relatively water-poor trend, which produced intrusions 
that are barren of ore. Although there seems to be a link between the water contents of the Los 
Picos-Fortuna/Pajonal-El Abra magmas and ore-bearing potential, further experimental work 
is needed to examine this possibility. Previous work has shown that sulphur solubility is 
affected by magmatic oxygen fugacity (chapter 4). Figure 5.15 indicates that the intrusive 
units that are part of the L W and HW trends follow very different zircon Ce(IV)/Ce(III), and 
hence oxidation, trends. The L W units were derived from magmas that remained relatively 
reduced, whereas the HW units were generated from magmas that became increasingly 
oxidised. As previously discussed in chapter 4, oxygen fugacity controls the speciation of 
sulphur in the magma. In oxidised magmas, sulphur exists as sulphate, whereas in reduced 
magmas, sulphur exists as sulphide. Chalcophile metals are strongly partitioned from the melt 
into sulphide phases and, therefore, magmas that are sulphide saturated will become 
chalcophile metal depleted. However, chalcophile metals do not have high partition 
coefficients for sulphate phases, and so magmas that become sulphate saturated will not 
become depleted in copper and gold. These metals are then able to partition into a late hydrous 
phase capable of producing a porphyry Cu-Au ore deposit. 
CONCLUSIONS 
This part of the study has identified two evolutionary trends associated with the 
development of the Los Picos-Fortuna/Pajonal-El Abra batholith in northern Chile. The first, 
the L W trend, is characterised by: ( 1) the late appearance of amphibole as a crystallising 
phase, (2) flat HREE profiles until late in the differentiation history, (3) an increase in the 
magnitude of the negative Eu-anomaly during evolution, and (4) relatively constant zircon 
Ce(IV)/Ce(III) ratios. The second, the HW trend, is characterised by: (1) early appearance of 
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amphibole as a cumulate phase, (2) the early onset of a HREE trough, centred on Er, (3) the 
removal of negative Eu-anomalies during evolution, and ( 4) increasing zircon Ce(IV)/Ce(III) 
ratios with fractionation. The HW magmas were more hydrous and hence were less dense than 
the L W magmas, and therefore likely to have filled the upper portions of a zoned chamber. As 
a consequence the HW magmas are also likely to have been preferentially tapped and to have 
fed preferentially higher level crustal intrusions. This may explain why the HW evolutionary 
signature dominates the Los Picos-Fortuna/Pajonal-El Abra batholith. Furthermore, based on 
the Hkely effects of magmatic oxidation and sulphur speciation in silicate melts, it may also 
explain why copper mineralization is associated with the fractionated end-product of the 
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APPENDIX 
The appendix to this thesis has been separated into nine sections, these include: 
(1) A comprehensive sample list 
Appendix 
(2) A section dedicated to the principal mineralogical and petrological features of the 
Chuquicamata mine porphyries and the Los Picos-Fortuna/Pajonal-El Abra intrusive suites 
(3) Typical cathodoluminescence images of the twenty-one analysed zircon populations 
(4) Details of the Platinum group element and gold analytical process at the RSES, and 
detailed whole rock PGE and Au concentrations generated by this part of the study 
(5) Plagioclase core anorthite contents, determined by electron microprobe 
(6) Whole rock major element compositions for the intrusive suites not included in previous 
chapters, determined by XRF 
(7) Whole rock trace element compositions for the intrusive suites not presented in previous 
chapters, determined by ELA-ICP-MS 
(8) Chapter 2, published in Geology 




Appendix I: Sample list 
1998-2000 FIELD VISITS: 
SAMPLE SOURCE AND TYPE, WITH FIELD COMMENT AND AREA WHERE SAMPLE WAS USED 
Legend: 1. Whole rock by XRF; 2. Whole rock by ELA-ICP-MS; 3. Thin section; 4. Platinum group element solution 
study; 5. Zircon trace element by ELA-ICP-MS; 6. Anorthite content ofplagioclase cores by EMP; 7. Zircon U-Pb by ELA-
ICP-MS, and 8. Zircon U-Pb by SHRIMP. 





Lp = Los Picos 




Leuco = Leucocratic intrusion 
KtM = Montecristo intrusion 
Tge = Elena granodiorite 
Radomiro Tomic Pe-Po? = Radomiro Tomic mine 
porphyry, facies uncertain 
Radomiro Tomic Pe= Radomiro Tomic mine porphyry, 
major facies 
Radomiro Tomic Po= Radomiro Tomic mine porphyry, 
major facies 
PRr = Radomiro Tomic mine porphyry, major facies 
PRr(minor) = Radomiro Tomic mine porphyry, minor facies 
Opache Porphyry = Opache mine porphyry 
P0p = Opache mine porphyry 
141 
Pajonaldioritc = Pajonal diorite 
ApolOLeuco = Apolo leucogranite 
Cdioritc = Central diorite 
Doioritc = Dark diorite 
Aplite = El Abra Aplite 
EMonzodioritc = Equis monzodiorite 
SouthGr = South granodiorite 
P Abra = El Abra mine porphyry 
Appendix I: Sample list 
ANU DD Source Type From To (m) East North Elev. Unit Comment ID ID (m) Other 2 3 4 s 6 7 8 
98- DD Chuq Core 28 28 3202 462 2737 3342 2543 Pe f 
98- DD Chuq Core 144 146 3391 3295 2384 463 2915 Pe /' 'l 
98- DD Chuq Core 284 284 464 2788 3524 3695 2273 Pe I 
98- DD Chuq Core 199 199 3589 3803 465 2738 2403 Pe J j 
98- DD Chuq Core 307 307 3585 3915 466 2937 2251 Pe 
98- DD Chuq Core 163 164 467 2254 3886 5139 2552 Pe 
98- DD Chuq Core 40 43 3848 5713 468 3>683 2760 Pe 
98- DD Chuq Core 173 469 2:776 172 3633 4002 2429 Pb 
98- DD Chuq Core 230 236 470 2:743 3839 4508 2381 Pb 
98- DD Chuq Core 172 177 3412 471 2491 4602 2291 Pb 
98- DD Chuq Core 236 239 472 2710 3420 4405 2214 Pb 
98- DD great deal of 
473 2532 Chuq Core 46 47 3511 5003 2549 Pb veining -
speculative Pb 
98- DD Chuq Core 41 46 474 1919 3511 4204 2533 Pb 
98- DD Chuq Core i70 i75 3458 500i 2436 Po 475 2532 
98- DD Chuq Core 182 184 476 2334 3387 5396 2679 Po 
98- DD Chuq Core 203 205 3634 5800 477 2712 2678 Po 
A profile of 
98- Cerro around 200 m 
478 Empexa H-S Int.Flow followed from 
volcanics the last point in 
a 255° section 
98- Cerro 
479 Empexa H-S Int Flow r 
volcanics 
98- Cerro 
480 Empexa H-S Int Flow 
volcanics 
98- Cerro 
481 Empexa H-S 494557 7532400 Int Flow J 
volcanics 
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ANU DD Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 s 6 ID ID (m) 7 8 
Epiclastic? 
Brecciated 





Cerro Gossanous 98- Empexa H-S 489667 7534797 Gossan material, Fe-483 
volcanics oxides and 
silica 
98- DD Chuq Core 222 3192 4406 2173 Po gypsum for 484 5422 mine S study 
98- Chuq Core 485 
Unsheared 
98- DD molybdenite 




98- DD used to see 
487 5422 Chuq Core 202 3197 4405 2192 what occurs 
with shear 
effect as 
re~ards a~e ... 
Blue vein type 
molybdenite 
98- DD Chuq Core 258 3184 4407 2137 and vein 488 5422 quartz 
association, in 
K altn zone 
98- DD Chuq Core 127 3703 Kfsp 489 5446 4603 2419 Pe megacryst 
98- DD Chuq Core 145 3698 4604 2402 Pe Matrix Kfsp 490 5446 
98- DD Chuq Core 146 3698 4604 2401 Pe Kfsp 491 5446 phenocrysts 
98- DD Chuq Core 256 258 3544 4546 2162 Pe Kfsp altn 492 4184 effects 
98- DD Chuq Core 772 deep sulphides 493 3458 of bn-cpy 
98- DD Chuq Core 704 705 2888 3349 1724 deep sulphides 494 3469 of cpy 
98- DD Chuq Core 72 3873 4699 2553 Pe Kfspvein in 495 4747 Pe 
98- DD Kfsp 
496 4747 Chuq Core 136 3895 4697 2492 Pe megacryst in Pe 
98- DD Kfsp 
497 4747 Chuq Core 107 3885 4698 2520 Pe phenocryst 
and matrix 
98- DD cpy-bn east of 
498 4341 Chuq Core 250 250 3639 4344 2183 the Falla 
Americana 
98- DD cpy-bn east of 
499 4344 Chuq Core 221 221 3352 3492 2187 the Falla Americana 
98- Fresh pyrite, 
500 Chuq Core interest 
sample .. .. 
98- DD Chuq Core 235 236 3189 4406 2160 501 5422 Po Kaltn 
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ANU DD Source Type From To(m) East North Elev. Unit Comment Other 2 3 4 5 6 7 8 ID ID (m) 
98- DD Chuq Core 142 142 3210 4404 2251 Po Ser altn r 502 5422 
Freshest 
sample, with 
98- DD Chuq Core 147 147 3209 4404 2246 Po respect to I 503 5422 texture, in a 
zone of ser-K 
altn 
98- DD Chuq Core 50 51 3556 3898 2601 Pb Kaltn 504 1773 
98- DD Chuq Core 334 336 3701 4094 2329 Pb chi altn - fresh 505 1784 
98- DD Chuq Core 331 332 3699 4094 2332 Pb chi altn, 506 1784 magnetic 
98- DD Chuq Core 300 303 3684 4094 2358 Pb K altn? 507 1784 
98- DD Chuq Core 245 245 3846 4508 2372 Pe fresh - Kaltn? 508 2743 
98- DD Chuq Core 265 266 3875 4508 2355 Pe chi altn, 509 2743 magnetic 
98- DD Chuq Core 292 293 3875 4508 2334 Pe ser. argillic 510 2743 altn 
98- DD Chuq Core 312 312 3887 4509 2318 Pe K altn? 511 2743 
98- DD Chuq Core 43 44 3510 3704 2505 Pe ser-K altn 512 3017 
98- DD Chuq Core 356 357 3644 4096 2181 Pe chi, magnetic 513 2511 
.... i.1 v .. 1 ..... 
98- DD 1.1111~.1.,._ a.uu, 
514 1866 Chuq Core 275 276 3906 5295 2473 Pe Iron stained from tray ... 
98- DD Chuq Core 242 245 3739 4699 2323 Pe K - ser altn 515 2428 
98- DD Chuq Core 222 222 3739 4699 2344 Pe Kaltn 516 2428 
98- DD Chuq Core 39 41 3847 5089 2663 Pe K +/. ser altn 517 2360 
98- Lp H-S 499392 7533492 Lp contact zone, 518 float, unimodal 
98- Lp H-S 499806 7533796 Lp outcrop 519 
98- Lp H-S 499950 7533772 Lp fringe of zone, 520 float, unimodal 
outcrop, 2 kg 
98- taken for 
521 Lp H-S 500337 7536098 Lp dating- most 2kg leucocratic 
sample 
98- Lp H-S 500650 7534750 Lp outcrop I . I 522 
98- regional 
523 Gypsum H-S 500650 7534750 Gypsum sample for S 
study 
98- Lp H-S 500129 7533992 Lp outcrop 524 
98- Lp H-S 501231 7534345 Lp outcrop J7l 
_fil_ 
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ANU DD Source Type From To(m) East North Elev. Unit Comment Other 2 3 4 s 6 7 8 ID ID (m) 
98- Lp H-S 501959 7533868 Lp outcrop -526 western limit 
98- Lp H-S 503942 7535929 Lp outcrop 527 
outcrop, 
98- Lp H-S 505027 7537083 Lp locally noted 528 tourmaline on 
surfice of float 
98- trench sample 




98- PSL H-S 505509 7537767 PSL north of 2kg 530 trench, 2 kg 
taken, for 
dating 
98- trench sample 
531 PSL H-S 505610 7536880 PSL with Cu oxides 
noted 
98- FrGr H-S 503423 7531272 FrGr outcrop under 532 small working 
98- outcrop, 2kg 
533 Lp H-S 504992 7530627 Lp taken for 2 kg dating 
98- FrGr H-S 506478 7530628 FrGr outcrop 534 
porph. facies, 
outcrop -




536 FrCI H-S 504231 7527798 FrCI facies, 
subcrop 
98- Fmtn outcrop -
537 Icanche H-S 504875 7527410 Eocene-voles northern most limit seen 
l"'l.u t,.. .. "'°' .. 
98- vu.n .. .1.vp, 
538 FrCI H-S 504828 7527161 FrCI equigranular facies 
small outcrop 
98- FrGr H-S 507130 7529236 FrGr on ridge top - 2kg 539 2 kg taken for 
dating 
98- Lp H-S 502293 7531929 Lp small outcrop 540 
98- Road cutting 
541 FrCl H-S 503200 7532302 FrCI outcrop, PQrph. facies 
porph., small 
98- PSL H-S 503311 7532313 PSL working, 542 waste material 
sampled 
98- FrGr H-S 504140 7532347 FrGr outcrop 543 
98- FrGr H-S 503090 7533619 FrGr ridge top, float 544 but unimodal 
98- road cutting, 
545 PSL H-S 503306 7534604 PSL outcrop, K altn 
seen in matrix 
98- PSL H-S 503498 7534908 PSL outcrop 546 
98- FrCI H-S 503523 7534923 FrCI outcrop 
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ANU Jl)D Source Type From To(m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
from just after 
Lp - Fortuna 
98- contact, 
548 FrGr H-S 503991 7535716 FrGr associated K 
altn., 
brecciation 
and Cu oxides 
98- Lp H-S 504624 7535747 Lp outcrop 549 
98- zone of well 
550 FrGr H-S 505566 7535214 FrGr defined 
outcrop 
98- FrGr H-S 506116 7535456 FrGr small outcrop, r 551 on ridge brow 
fresh and 
98- FrGr H-S 507070 7536218 FrGr felsic looking, 552 outcrop on 
ridge top 
98- from road cut 
553 FrGr H-S 507861 7537417 FrGr on way to TV 
antenae 
98- FrCl H-S 507127 7538073 FrCl from waste of 554 old working 
outcrop and in 
blocks 
98- leucocratic adjacent to 










98- FrLeuco H-S 507282 7539255 leucocratic small outcrop 557 orPSL intrusive/fine 
PSL 
copper oxides 
fine grained etc in 
98- leucocratic tourmaline 




98- FrGr H-S 507097 7539388 FrGr outcrop 559 
98- trench, very 
560 PSL H-S 506711 7540630 PSL rich in F e(Ill) -
red expression 
98- FrGr or H-S 507622 7540986 FrGrorFrCl outcrop, need 561 FrCl to verify type 
98- PSL H-S 508094 7540874 PSL ridge top, 562 subcrop 
98- PSL H-S 507883 7540287 PSL ridge top, 563 subcrop 
98- Lp H-S 509347 7540095 Lp ridge top 564 outcrop 
Fine grained 2 kg taken for 98- FrLeuco H-S 509955 7541636 leucocratic dating, outcrop 2kg 565 intrusive found on ridge 
top 
98- FrGr H-S 508029 7541962 FrGr outcrop, dry 566 river 
confined zone 
98- FrCl H-S 507435 7541917 FrCl of small 567 outcrops on 
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ANU DD Source Type From To(m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
ridge top 
subcrop, 




float (i.e. also 
98- Fine grained seen is FrGr), 





fresh, 2 kg 
98- taken for 








98- Cu noted, 






98- FrCI H-S 507756 7538754 FrCI workings, 572 tourmailine 
and Cu noted 
in abandoned 
98- workings, Cu, 
573 PSL H-S 507671 7538778 PSL tourmaline, bi · 
veins, green 
fsps 
float, on a 
ridge top with 
98- Lp H-S 507675 7538040 Lp associated 574 tourmaliine 
brecciation, 
above Fortuna 
98- FrCI H-S 508820 7537881 FrCI fresh clara, 575 road cuttinp; 
south of FrCl-





98- FrCI H-S 508977 7537574 FrCI of more mafic 577 material 
(gris?) seen in 
clara, road 
cutting 
from a wind 
98- blown, outcrop· 
578 Loess H-S 528668 7522614 Loess dune side, 
west side of 
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ANU DD Source Type From To(m) East North Elev. Unit Comment Other 2 3 4 s 6 7 8 ID ID (m) 
outcrop -
Pem10- subcrop, ridge 
98- Triassic Kgc (to be top, litho. is 
579 intrusive H-S 525367 7551300 characterised) equigranular, I kfsp-plag- ,, 
complex 
mafics with no 
free qtz 
- -Permo- small outcrop, 
98- Triassic H-S 525038 7550887 Kgc (to be slightly porph., l 580 intrusive characterised) qtz el, 
complex eoidotisation II 
outcrop, 
westernmost 
Permo- expression, 2 
98- Triassic H-S 520570 7557776 Kgc (to be kg taken for 2 kg 581 intrusive characterised) dating, 




ridge top 98- Triassic H-S 519915 7558655 Kgc (to be outcrop, low 582 intrusive characterised) 
co mo lex qtz content 
outcrop zone, 
very fine, 
Permo- highly mafic apparently 
98- Triassic H-S 519480 7560621 litho. - Tip (to epidotised with 583 intrusive be chloritic altn. 
complex characterised) also, see plag 
and altered 
mafic patches 
Permo- 'sporadic outcrop zone, 
98- Triassic grdt.s', more plag-qtz-kfsp-
584 intrusive H-S 519480 7560619 felsic, bi and altered 
complex equigranular amph Ii tho. 
contact 
relationship 
with the mafic 
litho., locally 
brecciated -
with the matrix 
Permo- as an 
98- Triassic a porph. felsic epidotised 
585 intrusive H-S 519414 7560525 Ii tho. mass (i.e. 




kfsp and low 
bi with altered 
amoh patches 
Permo- fine grained -
outcrop zone, 98- Triassic H-S 519414 7560525 microphaneritic intruded by 586 intrusive to aphanitic, porphyry 
complex Tio ... 
outcrop, clear 
contact with 
mafic litho. at 
Permo- coarser the southern 
98- Triassic H-S 519414 7560525 apparently most area of 587 intrusive more mafic this zone, plag· 
complex porphyry amph-bi 
phenocrysts 
with a fine 
dark matrix 
'sporadic outrop - 2 kg 
Permo- grdt.s', more taken for 98- Triassic H-S 519462 7560472 felsic, dating, coarse 2kg 588 intrusive 
equigranular and 
complex Ii tho. reasonably 
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ANU DD Source Type From To (m) East North Elev. Unit Comment Other 2 3 4 5 6 7 8 ID ID (m) 
Pern10- outcrop, qtz-
98- Triassic Fine grained plag-altered 






litho. is seem 
'sporadic as dm scale to 
Permo- cm scale 
98- Triassic grdt.s', more zones within 
590 intrusive H-S 519445 7560408 felsic, this more 
complex equigranular felsic litho. granodioritic 




Permo- fine grained -
outcrop, 2 kg 98- Triassic H-S 519440 7560408 microphaneritic taken for 2kg 591 intrusive to aphanitic, dating 
complex Tip ... 
'sporadic outcrop, Permo- locally areas 
98- Triassic grdt.s', more on cm todm 
592 intrusive H-S 519361 7560403 felsic, diffuse margin 
complex equigranular xenolith litho. patches seen 
Permo- fine grained - outcrop, 
98- Triassic H-S 519374 7560362 microphaneritic epidotisation, 593 intrusive to aphanitic, mafics are 
complex Tip ... verv fine 
Contacts 
appear to be 
'sporadic clear and Permo- grdt.s', more sharp -98- Triassic H-S 519373 7560363 felsic, possibly 594 intrusive 
equigranular chilling in the 





Permo- fine grained - coarse and in 
contact with 98- Triassic H-S 519287 7560326 microphaneritic and f 595 intrusive to aphanitic, 
surrounded by 




ridge top 98- Triassic 
596 intrusive H-S 519430 7559756 Tip? outcrop, low 
complex qtz content 
ridge top 
subcrop of 
Permo- large boulders, 




98- DD k altn and 
598 2712 Chuq Core 41 44 3688 5799 2830 Po vqtz, Fe(III) r 
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ANU DD Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
ser-argillic 
altn, green 
98- DD mineral 






Chuq Core 125 127 3660 5799 2751 Po no mafics - ser 600 2712 altn, ubiquitous 
vqtz 
k altn and 
98- DD Chuq Core 210 214 3631 5800 2670 Po vqtz, Fe(Jll) 601 2712 stained, mafics 
preserved 
k altn, ser altn, 
98- DD Chuq Core 89 94 3450 3900 2418 Pe vqtz and / · 602 2937 sulphide 
veinlets 
reasonably 
98- DD Chuq Core 89 96 3496 5000 2506 Pb fresh, 2 kg 2kg 603 2532 taken for 
dating 
98- DD Chuq Core 124 125 3482 5000 2478 Pb K altn and 604 2:532 vqtz 
98- DD k altn, ser altn, 
605 2:532 Chuq Core 190 192 3449 5002 2420 Pb vqtz and 
mafics seen 
98- DD highly ser 
606 2:532 Chuq Core 196 196 3447 5001 2415 Pb altered, also 
argillic 
98- DD 
Chuq Core 28 32 3488 5502 2806 Po green ser? Or 607 2972 alunite? vqtz 
98- DD K altn, ser 
608 2972 Chuq Core 108 111 3457 5504 2733 Po altn, bi stable. Vqtz 
2 kg for 
dating, 
reasonably 
98- DD fresh, high 




2 kg for 
dating, 
reasonably 
fresh, vqtz and 
some mm 






98- KtM H-S 476935 7537815 KtM, fresh outcrop 611 complex 
98- KtM H-S 476470 7538409 KtM, fresh outcrop 612 complex 
altered outcrop, 
98- KtM H-S 476682 7530355 porphyry, mapped as a 613 complex magnetic, calcic granitic 
altered mafics skam .... 
98- KtM altered outcrop, 
614 complex H-S 476892 7530144 porphyry possibly 
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ANU DD Source Type From To(m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
altered 
outcrop, 98- KtM H-S 476939 7539979 porphyry - epidotised and 615 complex apliticmatrix, 
magnetic leucocratic 
outcrop, 
98- KtM H-S 477826 7540629 variably altered epidote? 616 complex porph. litho. Yellow altn. 
mineral. .. 
98- KtM porphyrtic 
617 complex H-S 478261 7540357 litho., altered outcrop 
mafics and fsps 
98- KtM 7540338 
porph. - low 
outcrop, 
618 complex H-S 478409 phenocrysts, variable altn. leucocratic 
Outcrop -
cruciform 
amph, up to 3 
cm blades, 
98- KtM An amphibolite reddish -
619 complex H-S 478260 7540427 rich litho. - green -porphyry?? yellow. Either 
the litho. is 
super fresh or 
the result of 
extreme altn. 
98- KtM Porphyry- highly 
620 complex H-S 478126 7540710 PSL? magnetic -
outcrop 
2 kg taken for 
98- KtM H-S 478906 7540649 Porphyry- dating - ridge 2kg 621 complex PSL? side 
suboutcrop 
Fine polymictic 
ridge top 98- KtM H-S 478857 7540590 breccio- suboutcrop, 622 complex conglomerate, 
epiclastic?? ma~etic 
98- KtM Altered 
623 complex H-S 478117 7542062 porphyry - suboutcrop 
PSL? 
98- KtM Altered 
624 complex H-S 477748 7542074 porphyry - suboutcrop 
PSL? 
outcrop, 2 kg 
98- KtM taken for 
625 complex H-S 480712 7535373 KtM dating, 2 kg 
equigranular 
and coarse 
outcrop, 2 kg 
98- KtM H-S 480708 7535180 KtM taken, for 2 kg 626 complex dating. K rich 
matrix 
98- KtM outcrop, k rich 
627 complex H-S 480362 7533886 KtM matrix, mafics 
variably fresh 
98- KtM outcrop, k rich 
628 complex H-S 480420 7532769 KtM matrix, altered 
mafics 
98- KtM H-S 480403 7532472 KtM outcrop, 629 complex ma~etic 
98- KtM H-S 489423 7538179 PSL outcrop, highly 630 complex silicified 
outcrop, 
98- KtM pinkish matrix 
631 complex H-S 490724 7538939 PSL and greened due to mafics' 
dej(radation 
98- KtM H-S 490808 7538914 PSL outcrop, 632 complex propylitic altn. 
98- KtM H-S 490842 7539168 KtM outcrop, 
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ANU ][)D Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
scree-
98- KtM H-S 491328 7539257 KtM unimodal, /• 634 complex propylitic 
altn .... 
outcrop, 2kg 
98- KtM highly altered taken for 




98- KtM altn. degree 
636 complex H-S 491460 7539440 altered KtM gives a porph. 
appearance to 
theKtM 
98- KtM outcrop, 
637 complex H-S 491491 7539156 altered KtM altered and pinkish 
outcrop, 2 kg 
98- KtM H-S 491226 7538699 inequigran. taken, 2kg 638 complex KtM magnetic, chi-
epi-mg 
98- KtM H-S 490293 7538141 highly silicified ridge top 639 complex porphyry suboutcrop 
98- KtM H-S 490841 7537610 qtz-epi litho. outcrop 640 complex 
98- KtM ridge top 
641 complex H-S 490823 7537499 Altered P PSL outcrop, 
magnetic 
outcrop, 2 kg 
taken for 
Cerro dating. ReDD 98- Empexa H-S 494843 7531686 Krv ish green 2 kg 642 





98- Cerro Fe(III) red 
643 Empexa H-S 495442 7530318 Krv spots in matrix, 
volcanics porph. texture, 
non magnetic 
mound top 




H-S 496799 7528993 PSL (?) subcrop, 645 complex silicified and 
Fe(III) stained 
98- Cerro outcrop, 
646 Empexa H-S 496887 7528969 Krv altered, 
volcanics yellowed fsps 
contact zone 
outcrop, 
98- KtM H-S 496904 7528861 PSL altered, 647 complex silicification, 
and Fe (III) 
stained 
Cerro contact zone 98- Empexa H-S 496904 7528861 Krv outcrop, 648 
volcanics altered, propvlitic 
outcrop, 
98- KtM intrudes the 
649 complex H-S 497088 7528730 PSL Krv, baking it, 2kg 2 kg taken for 
da ·n 
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ANU DD Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
98- Cerro outcrop, fine 
650 Empexa H-S 497249 7528667 Krv matrix, non 
volcanics magnetic 
98- KtM outcrop, fine 
651 complex H-S 497916 7527320 PSL and dark 
matrix 
98- outcrop, 2 kg 
652 Lp H-S 500023 7525893 Lp taken for 2kg datinl( 
98- outcrop, 
653 Lp H-S 499959 7525723 Lp magnetic, no free qtz 
outcrop, 
98- Lp H-S 499621 7525453 Lp coarse, free 654 qtz seen, more 
felsic overall 
98- outcrop, 
655 Lp H-S 499029 7525284 Lp magnetic, no free qtz 
98- outcrop, 
656 Lp H-S 499086 7525316 Lp magnetic, no free qtz 
98- Elena H-S 511860 7537585 Tge outcrop 657 iudt. 
98- Elena H-S 511947 7537395 Tge outcrop 658 !(rd!. 
98- East grdt. H-S 512457 7536543 Pze outcrop 659 
98- East grdt. H-S 512457 7536543 Pze outcrop 660 
Carb. 
98- igneo- H-S 512582 7536193 Pzmcb outcrop, qtz 661 meta fsp litho. 
complex 
Carb. 
outcrop, 98- igneo- H-S 512899 7536004 Pzmcb slightly 662 meta foliated 
complex 
98- Int. subcrop, 
663 Intrusive H-S 513618 7536422 Int. Intrusive porphyrytic Ii tho. 
98- Int. H-S 513534 7536324 Int. Intrusive outcrop, 664 Intrusive 
98- Mesa outcrop, 




98- igneo- H-S 513285 7536556 Pzmcb?? contact 666 meta samples seen 
complex of thi s Ii tho. 
with the Pzm. 
ridge side 
98- Mesa float, first 
667 granite H-S 513328 7536499 Pzm appearance 
walking down 
slope 
98- Mesa outcrop, 
668 granite H-S 513697 7536797 Pzm granitic 
texture 
Carb. 
subcrop, 98- igneo- H-S 514124 7536764 Pzmcb alignment seen 669 meta in mafics 
complex 
98- Triassic H-S 513457 7536826 Trv2 outcrop, 670 volcanics porph. 
98- East grdt. H-S 513153 7536897 Pze subcrop, 671 mal(lletic 
98- East grdt. H-S 513137 7536841 Pze outcrop, highly 672 magnetic 
153 
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ANU ll>D Source Type From To (m) East North Elev. Unit Comment Other 2 3 4 5 6 7 8 ID ID (m) 
Carb. 
outcrop, south 98- igneo- H-S 512897 7536624 Pzmcb of contact with 673 meta Pze 
complex 
98- outcrop, north 
674 East grdt. H-S 512837 7536601 Pze of contact with Pzmcb 
98- Gypsum H-S 513519 7536190 Gypsum for regional 675 studv 
outcrop and 
unimodal float, 
98- Mesa H-S 513 7536 Pzm Fe(Ill) 676 granite stained, close 










98- Elena greenish 
678 grdt. H-S 512211 7537765 Tge appearance due to Cu 
presence 
outcrop - road 
cutting, 2 kg 
taken for 
98- Elena dating, 
679 grdt. H-S 512155 7537995 Tge slickensides 2kg 





98- Triassic H-S 512736 7537816 Trv2 subcrop, ridge 680 voicanics top, green and 
epidotised 
outcrop, 
source is a 
deep shaft, 





98- Triassic H-S 512808 7539211 Trv2 source is a 682 volcanics small pit, litho. 
ismvlonitic 
outcrop, small 




98- Mesa spatially 
684 granite H-S 514999 7537963 Pzm closely 
associated 
with the more 
mafic intrusive 
154 
Appendix I: Sample list 
ANU DD From To (m) East North Elev. Unit Comment Other 2 3 4 5 6 7 8 ID ID Source Type (m) 
Zone of Float, 
S. L. east of 
the West 




Zone of Float, 
S. L. east of 
the West 




noted vqtz and 
Mafic intrusive small sulphide 98- DD Mansa Core 939 940 508937 7525816 from Mansa bearing 687 3173 Mina Mina veinlets - non 
magnetic 
Equigranular, qtz-plag-kfsp-DD Mansa altered mafics, 98- Core 943 944 508937 7525817 host rock from 
vqtz and spots 688 3173 Mina Mansa Mina 
of Fe oxide 
DD Mansa Equigranular, pinkish, K and 98- Core 884 884 508939 7525813 host rock from 
ser alto? 689 3173 Mina Mansa Mina 
epidotised, no 
free qtz, dark 









Equigranular, non porph., ser· DD Mansa chi (epi??) 98- Core 251 252 508952 7526002 host rock from low sulphides 692 3292 Mina Mansa Mina 
and low to 
absent vqtz 
ser-argillic 
alto, yellowing 98- DD Radomiro Core 150 151 512328 7542678 Pe? offsps, 693 3979 Tomic 
megacrysts 
seen 
ser alto, white 
megacrysts 
seen as well as 





Appendix I: Sample list 
ANU Jl)D Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 s 6 7 8 ID ID (m) 
altered, qtz 
eyes - the 
98- DD Radomiro 237 237 512523 7542636 Pe-Po?? texture merely 695 3978 Tomic Core a function of 
the degree of 
altn. 
5cm 
98- DD Radomiro 162 163 511830 7541991 Po? megacryst 696 3788 Tomic Core seen, qtz el, 
spaced texture 
spaced texture 
98- DD Radomiro Core 142 142 511813 7541756 Po? dark grey 697 3806 Tom1c aphanitic 
matrix. qtz el 
2 texture seen, 
98- DD no free qtz, 
698 310 Opache Core 400 400 503651 7517301 Porphyry large amph 
and bi (amph) 
altered 
98- DD Opache Core 325 327 503661 75173001 Porphyry zoned fsps, 699 310 altered 
2 texture seen, 
no free qtz, 
98- DD large amph 




98- DD Mine Gypsum pinkish - for 
701 4748 Chuq Core 246 3363 3998 2069 or anhydrite sulphide study 
sample 
00- AD Fresh, porph., 
066 4102 Opache Core 278.15 278.5 7517502 502775 1938 Pop plag-(hb)-bi-Qtz, diss S 
Fresh, porph., 
coarse xtals, 
00- AD Opache Core 288.25 288.75 7517502 502777 1928 Pop plag-\nb)-bi- 2kg 067 4102 qtz, diss + 
veinlet S, local 
k-altn 
Fresh, porph., 
00- AD Opache Core 259.8 260.2 7517500 502969 1953 Pop overall fine, 068 4101 plag-qtz-bi-
(hb). diss S 
Oxidised, k-
00- AD altn, epi, Fe-
069 401 Opache Core 221.4 221.8 7517500 502969 1991 Pop rich zones, porph., plag-
Qtz-bi-(hb) 
00- AD Fresh, like PSL 




extreme 00- AD Opache Core 152.7 153 7517500 503213 2064 Pop and clay rich leaching 071 398 altn, patches 
of Fe-ox (after zone 
bi?) 
Fresh, with epi 
veinlets, 
00- AD Opache Core 192.9 193.3 7517501 502580 2017 Pop locally slightly 072 2:68 pinkish matrix, 
plag-qtz-bi-
156 
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00- AD to altered 
073 268 Opache Core 289.7 290.05 7517501 502580 1920 Po, (pinkish), k-






00- AD clasts from Good Opache Core 220 220.4 7517501 502764 1995 BxOp basement (?), 074 402 
matrix Sample 
aphanitic + 













clasts as if 
00- AD Opache Core 349.8 350.3 7517703 503582 1881 BxOp from 077 405 breacciated 









00- AD oxidised 
079 404 Opache Core 233.85 235.85 7517703 503724 1984 Bx Op breccia, polymictic, 
<<S 
00- DD Radomiro 312.35 312.75 512267.4 7542781.7 PRT 
qtz-plag-kfsp-
080 3976 Tomic Core bi, k-altn 
00- DD Radomiro C minor bi, 
081 4156 Tomic ore 329.4 329.8 511819.4 7541642.0 PRT(mll!or) spaced 2kg 
texuture 
00- DD Radomiro minor bi, 
082 4156 Tomic Core 392.1 392.45 511819.4 7541642.0 PRT(mlnor) spaced 
texuture 
00- DD Radomiro C minor bi, 
083 4156 Tomic ore 397.35 397.75 511819.4 7541642.0 PRT(mll!or) spaced 
texuture 
00- DD Radomiro 311.5 311.9 511657.8 7542480.3 PRT 
qtz-plag-kfsp-
084 3568 Tomic Core bi, k-altn 
00- DD Radomiro 306.35 306.65 512100.6 7542100.6 qtz-plag-kfsp-085 3652 Tomic Core PRT bi, k-altn 
00- DD Radomiro 310.6 310.95 512100.6 7542100.6 qtz-plag-kfsp-086 3652 Tomic Core PRT bi, k-altn 
00- 15- Radomiro minor bi, 
087 2750 Tomic H-S 511950 7542405 PRT (mll!or) spaced 
157 
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ANU ll>D Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 s 6 7 8 ID ID (m) 
00- 14- Radomiro H-S 511948 7542425 PRT qtz-plag-kfsp-088 2750 Tomic bi, k-altn 
00- 13- Radomiro H-S 511959 7542450 PRT qtz-plag-kfsp-089 2750 Tomic bi, k-altn 
00- 12- Radomiro H-S 511967 7542465 PRT 
qtz-plag-kfsp-
090 2750 Tomic bi, k-altn 
00- 13- Radomiro 
H-S 511959 7542450 PRT qtz-plag-kfsp-091 2750 Tomic bi, k-altn 
00- DD Radomiro 355.6 355.9 512265 7541565 PRT 
qtz-plag-kfsp-
092 4194 Tomic Core bi 
00- DD Radomiro C 350.5 350.8 512265 7541565 PRT 
qtz-plag-kfsp-
093 4194 Tomic ore bi 
monomictic? 
00- DD Mansa Core 137.35 137.65 509028 7525596 1970 BXMM Texturally like 094 256 Mina a Bx but hard 
to discern 
00- DD Mansa Core 45.4 45.8 509057 7525597 2057 BXMM qtz-S rock iBx? 095 256 Mina 
00- DD Mansa altered and 
096 256 Mina Core 370.3 371.05 508960 7525596 1747 Gr"" silicified, diss s 
altered, hard 
00- DD Mansa to discern 
097 256 Mina Core 235.9 236.35 508999 7525596 1876 GrMM texture, plag-qtz, diss S, 
argillic 
altered, hard 
00- DD Mansa Core 268.4 268.75 508989 7525596 1845 PMM to discern 098 256 Mina texture, 
argillic 
silicified, qtz-
00- DD Mansa Core 170.1 170.5 509019 7525596 1939 PMM 
plag, ser altn, Good eg, 
099 256 Mina set in aphanitic (U-Pb) 
matrix 
00- DD Mansa qtz-plag, 
100 256 Mina Core 424 424.6 508945 7525598 1695 PMM greenish, 
weaklv p0rph. 
00- DD Mansa Fine greenish, 
IOI 256 Mina Core 197 197.35 509010 7525596 1913 DaciticMM qtz, diss S, Fe(JII) 
00- DD Mansa Core 204.30 204.65 509008 7525596 1906 Dacltic"" Fine pink-102 256 Mina green 
00- DD Mansa Core 228.6 229 509001 7525596 1883 Dacltic"" porph., less 103 256 Mina silicified 
qtz-plag, 
00- DD Mansa Core 273.65 274 508961 7528392 2214 Gr"" 
argillic altn 
104 3024 Mina and 
silicification 
Pebbles only, 
00- DD Mansa Core 721 722 508961 7528393 1767 PMM intense argillic Extreme 105 3024 Mina altn, qtz-(plag) altn. 
left 
00- DD Mansa qtz-kfsp-plag-
106 3492 Mina Core 404.4 404.7 509023 7528924 2100 Gr.. .. epi-chl, prop 
altn 
00- DD Mansa qtz-plag, litho. not 
107 3492 Mina Core 636.1 636.5 509024 7528925 1869 PMM silicification, clear dissS 
altered to 
produce a fine 
00- DD Mansa Core 159. l 159.5 509051 7527400 2294 Gr"" 
saccaroidal 




Appendix I: Sample list 
ANU DD Source Type From To(m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
00- DD Mansa qtz-plag, 
109 3073 Mina Core 502.5 502.8 509056 7527402 1951 PMM kfsp?, <silic, Good eg 
<ar11. 
00- DD Mans a Core 609.6 610 508962 7527790 1860 Gr"" 
qtz-plag, diss Good eg, 
110 3109 Mina S, prop altn (U-Pb) 
00- DD Mansa qtz-plag, 
Ill 3109 Mina Core 753.1 754.3 508965 7527787 1716 PMM aphanitic Good eg 
matrix 
Good eg of 
00- DD Mansa Core 289.2 289.9 509057 7526584 2139 GrMM propylitic altn, 112 3166 Mina qtz-plag- fine 
qtz 
qtz-plag-Fe 
00- DD Mansa ox, fine litho. not 




00- DD Mansa Core 339.3 339.7 509058 7526581 2089 PMM qtz, silicified, 114 3166 Mina dissS, <mm-
veinlets 
Plag (altered) 
00- DD Mansa Core 358.2 358.6 509406 7527008 2081 lP-Gr? in fine litho. not 115 3075 Mina granular qtz clear 
matrix 
00- DD Mansa Core 601 601.3 509049 7525594 1796 GrMM qtz-plag, prop 116 3170 Mina altn 
>altn, qtz + 
00- DD Mansa Core 500.4 501.8 509049 7525595 1896 PMM altn products - litho. not 117 3170 Mina ser, epi, chi, clear 
clays 
00- DD Mansa Core 749.1 750.l 508943 7525808 1655 PMM qtz-plag, diss S 118 3173 Mina 
00- DD Mansa qtz-plag, litho. not 
119 3173 Mina Core 644.4 644.8 508945 7525804 1760 PMM argillic altn, clear dissS 
00- 97- El Abra Core 121.5 121.8 517203 7576863 3879 Apolo ..... , kfsp-qtz-plag-120 17 bi. Cu in pla~ 
00- 97- kfsp-qtz-plag, Good cg, 
121 21 El Abra Core 122 122.4 517361 7577072 3946 Apllte ser altn, (U-Pb) 
silicification 
00- 97- equigranular, 
122 24 El Abra Core 96.4 96.7 517423 7575670 3840 South Gt- qtz-plag-bi I (fine kfsp) 
00- 98- kfsp-qtz-
123 03 El Abra Core 323.6 324 517295 7576988 3713 Aplite plag(?)-bi (hb). diss S 
kfsp-qtz-plag-
00- 98- El Abra Core 38.5 38.9 517292 7576993 3998 Apllte bi, veinlets of 124 03 qtz, local ser-
ar11. altn 
microgranite -
00- 98- El Abra Core 244 244.4 517104 7576805 3738 ApoloL<ilco qtz-plag-bi-125 06 kfsp, diss S (bn· 
cpy-py), k-altn 
prop altn, 
00- 98- El Abra Core 258.9 259.3 517593 7575891 3681 SouthGt- greening, mm 126 47 S veinlets, qtz-
pla11.-bi (hb) 
qtz-plag-bi-Fe· 
00- DD El Abra Core 106.9 108 516972 7576042 3850 Cmorlte ox (in mafics), Some 127 Ill in slightly Vqtz 
pinkish matrix 
amph and Lovely 
00- DD El Abra Core 160.1 160.5 517430 7576636 3844 Cn1orlte finer qtz-plag sample -128 128 and aphanitic 40cm 
159 
Appendix I: Sample list 
ANU DD Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
kfsp-qtz-plag-
00- DD bi, Fe-ox and 
129 129 El Abra Core 144.6 144.9 517181 7577083 3886 CDlorlle biinamph, 
overall coarse 
sample 
00- DD qtz-plag-bi 
130 137 El Abra Core 204.5 204.8 517292 7575672 3746 South<# (hb), matrix 
redish 
equigranular, 
00- DD amph-bi-qtz- Good eg, 
131 138 El Abra Core 50.3 50.7 518315 7575983 3988 Cmorlte plag, finer (U-Pb) 
matrix qtz-
p)ag-kfsp(?) 
00- DD El Abra Core 72 72.4 517831 7577210 4041 PAbra ser-sil altn, bi-132 140 amph-plag-qtz 
coarse bi-hb, 
00- DD finer plag-qtz-
133 155 El Abra Core 154.2 157.3 517317 7575994 3780 PAbn kfsp, veinlets 
ofkfsp and 
qtz, diss S 
altered ser-
00- DD El Abra Core 14.9 20.l 517822 7576207 3951 ApolOLoU<o arg, plag-qtz I 134 171 and altered 
mafics (bi-hb) 
00- DD coarse bi and 
135 175 El Abra Core 230.5 234.l 517963 7576665 3822 CDlorlte fine qtz-plag- J kfsp 
coarse mafics 
(hb-bi) with 




00- DD plag-bi (hb), 
137 183 El Abra Core 191 197 518015 7576910 3890 PAbra aphanitic 
matrix, Cu in 
pJa11 
porph., >hb-bi 
00- DD and finer plag-
138 192 El Abra Core 156.25 156.65 517745 7575713 3755 PAbra qtz in pinkish-grey aphanitic 
matrix 
00- DD altered, bi(hb)-
139 193 El Abra Core 109 115 516747 7576116 3834 EMomodlorltt in finer qtz-
olag-kfsp 
00- DD kfsp-qtz-plag-
140 45 El Abra Core 149.l 149.5 517815 7576390 3828 PAbra bi (hb) local k-
altn 
00- DD El Abra Core 245.4 246 517812 7576696 3770 EMomodlorlte qtz-plag (fine) 141 46 and bi coarser 
00- DD plag-mafics-
142 52 El Abra Core 206.4 206.9 517913 7576098 3776 Dmorlte qtz, local foliation 
porph., Cu 
greening plag, 




00- DD El Abra Core 103.5 103.9 PAbra greenish, Cu in I 144 57 plag, qtz-plag-
kfsp-bi (hb) 
qtz-plag, 
00- DD El Abra Core 40 40.7 Do1or11e altered amph, 145 64 greenish 
overall 
00- DD qtz-plag-ser-bi· 
146 67 El Abra Core 40.4 40.8 EMomodlorlte kfsp, clays 
160 
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ANU DD Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 s 6 7 8 ID ID (m) 
porph., qtz-




00- DD with Cu 
148 82 El Abra Core 150 150.4 EMonzodlorlte presence and local redish 
Fe(III) 
patches 
00- DD El Abra Core 39.6 40 Cniorlte kfsp-qtz-plag-149 85 bi 
00- DD El Abra Core 98.7 99.I 518015 7576098 3881 Aplite kfsp-qtz-plag-
150 91 bi 
00- DD > kfsp, kfsp-
151 92 El Abra Core 206.6 207 EMonzodlorlte qtz-plag-bi (<bi) 
porph. , qtz-
00- EA El Abra Core 104.3 104.75 EMonzodlorlte 
plag-bi, matrix 
152 134 kfsp-qtz and 
fine qtz 
00- EA qtz-plag-bi 
153 137 El Abra Core 12.6 12.9 Sou the. (hb), epi, ser 
altn 
00- EA <(hb)-bi in litho. not 
154 201 El Abra Core 311.4 311.8 518498 7576468 3779 ApoloLN<o >finer kfsp- clear I I Qtz-pla~ 
00- EA El Abra Core 152.6 152.9 518647 7576423 3913 EMonzodlorlte kfsp-qtz-plag-155 202 bi. diss S 
hb-bi-qtz-plag 
00- EA in fine grey 
156 206 El Abra Core 251.I 251.5 517803 7575703 3719 Sou the. pink matrix, diss S, pink 
veinlets 
coarse plag-bi· 
00- EA El Abra Core 388.6 389 517850 7575745 3597 Sou the. hb in fine qtz-157 206 plag-(kfsp, in 
mm veins) 
00- EA El Abra Core 256 256.4 518742 7576638 3879 PAbn 
kfsp-plag-bi in 








00- EA El Abra Core 51.9 60.15 517702 7576897 3936 Dniorlte 
fine and dark, 
160 213 epi-bi-qtz-plag 
00- EA El Abra Core 193.7 194.I 517699 7576900 3794 PAbn k-altn, kfsp-161 213 pla~-Qtz-bi 
00- EA (hb)-plag-qtz-
162 217 El Abra Core 209.5 209.9 517981 7575680 3764 Sou the. bi, greyish, Cu· Fe S 
00- EA El Abra Core 154.05 154.4 516875 7576789 3863 EMonzodl~rlte k.fsp-qtz:plag- Good eg, 163 219 ht, mcqu1gran., (U-Pb) 
mmSvemlets 
00- EA equigranular, 
164 220 El Abra Core 198.2 198.7 517508 7575669 3756 Sou the. qtz-plag-bi- Good cg kfsp-(hb) 
00- EA bi-(hb )-plag in Good e 
165 220 El Abra Core 239.6 240 517492 7575656 3720 Sou the. finer qtz-plag- (U-Pb~, kfsp 
bi-(hb )-plag in 
00- EA El Abra Core 204.9 205.3 518001 7575894 3796 Sou the. finer qtz-plag-166 221 kfsp, diss S (Fe 
161 
ANU DD 
ID ID Source 
From 
Type (m) To (m) East North Elev. 
00- EA 
167 228 El Abra Core 9.6 10 517450 7575388 3854 
~~~ ;~2~ El Abra Core 154.6 155 516960 7575964 3771 
00- EA 
169 230 El Abra Core 36.6 36.9 517481 7576958 4018 
~~o ,~3~ El Abra Core 312.05 312.45 518432 7576930 3850 
OO- EA El Abra Core 49.1 49.4 518331 7576836 4074 171 231 
00- EA 
172 232 El Abra Core 156.65 157.07 518637 7576802 3959 
00- EA 
173 237 El Abra Core 56.0 56.3 517355 7576543 3908 
00- EA 
174 228 El Abra Core 160.2 160.5 517574 7576477 3836 
OO- EA El Abra Core 27.5 27.8 517356 7576140 3902 
175 242 
00- EA 
176 245 El Abra Core 74.2 
OO- EA El Abra Core 100.6 
177 2:46 
00- EA 
178 2:51 El Abra Core 58 
OO- EA El Abra Core 48.05 179 2.52 
00- EA 
180 257 El Abra Core 27.55 
00- EA 







El Abra Core 
El Abra Core 





185 267 El Abra Core 43.7 
74.6 517451 7576443 3883 
101 517667 7576658 3919 
58.4 517277 7576152 3857 
48.3 517265 7576247 3891 
27.85 517857 7576738 3998 
40.8 517656 7576727 3964 
30.1 517761 7576748 4002 
30.5 517560 7576749 3938 
54.6 517670 7576851 3938 
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phyllic altn, py 
cubes 
qtz-plag-bi, 
greenish, Cu in 
plag 
kfsp-qtz-plag- Good eg, 
fine d1ss Fe-ox (U-Pb) 
after bi? 
greenish, 





qtz-bi-altered Good eg, 




bi, Cu in 
vein lets 
bi-qtz-plag, 





qtz-plag-bi, Cu Good eg, 
in veinlets (U-Pb) 
qtz-plag-bi, 
kfsp in matrix, 
qtz-epi 












veins, diss S 
kfsp-qtz-plag-
bi, mm veinlets I I 
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ANU DD Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
Coarse kfsp-
00- EA El Abra Core 33.3 33.7 517161 7576444 3938 CnLorlt• qtz-plag-bi 186 268 (amph), 
veinlets 
microgranite -
00- EA El Abra Core 29.8 30.2 517437 7576914 4018 Apolo1,o"'° qtz-plag-bi-187 271 kfsp, Cu in 
pla~. k-altn 
kfsp-qtz-plag-
00- EA El Abra Core 27.6 27.9 517520 7577004 4026 Apllte bi (epi), k-altn, 188 272 very fine 
~ained 
00- qtz-plag- Tour-
189 El Abra H-S 518154 7576996 Pajonalmorll• mafics, Qtz inequi~an. locally 
fine grained, 
00- El Abra H-S 519146 7577903 Pajonalmorll• pinkish, qtz- litho. not 190 plag-kfsp-fine clear 
mafics 
00- darker, qtz-
191 El Abra H-S 519114 7577997 Pajonalo1or1" plag-kfsp-
mafics 
coarse 
00- El Abra H-S 519081 7577974 Pajonalo1or110 grained, qtz-192 plag-kfsp-
mafics 
00- qtz-plag-kfsp 










00- coarse Good eg, 
195 El Abra H-S 519138 7578049 Pajonalo1or1" grained, qtz- (U-Pb) pla11;-mafics 
00- coarse El Abra H-S 519020 7578248 Pajonalmoruo grained, qtz-196 plag-bi-mafics 
00- qtz-plag-kfsp-
197 El Abra H-S 518594 7578179 Pajonalmorlto bi-mafics, k-
altn? 
qtz-plag-bi-




El Abra H-S 518710 7577647 Pajonalmorll• grained, qtz-199 plag-bi-mafics 
00- fine grained, 
200 El Abra H-S 518618 7577606 Pajonalmont• fresh, qtz-plag· fine mafics 
00-
1.euco~ratic , Leuco _ 
El Abra H-S 518353 7577491 Pajonalmonto mequigran. litho. not 201 nonporph . ~ qtz· clear 
pla11;-b1 
leucocratic, 
00- inequigran. Leuco -
202 El Abra H-S 518582 7576700 Pajonalm,"" nonporph., qtz. litho. not plag-finer clear 
mafics (>bi) 
00- East of 
203 Regional H-S 510473 7518132 River sands 2kg 
163 
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ANU DD Source Type From To (m) East North Elev. Unit Comment Other 1 2 3 4 5 6 7 8 ID ID (m) 
Southwest of 
00- Regional H-S 503973 7511393 River sands Calama on 2 kg 204 flood plain -
drv sample 
texturally like 
00- Pe, 1200 m 
205 Chuqui Core 723.4 724 3429.4 3714.5 1677 Unit not clear below pre- 2 kg 
mine depth, bi-
164 
Appendix II: Mineralogy and petrology 
Mineralogy and petrology of the Chuquicamata mine porphyries 
The Chuquicamata intrusive complex (CIC) in the Chuquicamata mine consists of 
three porphyritic intrusions, separated on the basis of previous petrological studies (Aracena, 
1981), and petrological, whole rock geochemical, and U-Th-Pb zircon geochronological work 
from this study. This section presents a glossary of the typical petrological characteristics of 
the three mine porphyries. The samples of these intrusions were collected from drill core, and 
their location is listed in section I of the appendix. The size of the hand specimens is indicated 
by a centiµietre ruler, placed alongside the sample. 
Hand specimens 
165 
1. East porphyry (98-513): this sample is 
porphyritic and contains phenocrysts of 
orthoclase, plagioclase and quartz. The 
matrix contains a similar mineralogy but 
also includes biotite. The sample is cross 
cut by sulphide bearing veinlets (pyritic) 
and quartz veins. 
2. Bench porphyry (type hand sample, 
taken from the central eastern sector of the 
pit): this sample is porphyritic, although 
the phenocrysts are present in two size 
classes: ca. 0.4 to 0. 7 mm and ca. 0.1 to 0.2 
mm. The phenocrysts consist of quartz, 
plagioclase, orthoclase and biotite, the 
matrix is very fine but probably consists of 
quartz and feldspar. The sample is cross cut 
by quartz and potassium feldspar veinlets. 
Thin sections 
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3. West porphyry (type hand sample, taken 
from the northern sector of the pit): this 
sample is porphyritic and contains 
phenocrysts of rounded quartz and 
plagioclase, set in an aphanitic grey matrix. 
The phenocrysts are not in contact with 
each other, giving the sample an 'oolitic' 
appearance. The sample and overall 
intrusive unit, is cross cut by quartz veins 
that locally contain sulphide minerals 
(typically pyrite). 
Unless otherwise stated, the field of view is ca. 2.5 mm. 
1. East porphyry (98-467): this section shows a sericitised and sheared plagioclase phenocryst, 
surrouned by orthoclase and quartz. 
2. East porphyry (98-509): this section shows phenocrystal quartz that has been shocked. 
Surrounding the phenocryst are altered feldspar crystals. 
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3. East porphyry (98-509): phenocrystal biotite has been sheared and is surrounded by finer 
quartz and feldspar, as well as other phenocrysts of plagioclase and orthoclase. This section 
also contains opaque minerals that are probably iron sulphides. 
4. Bench porphyry (98-469): this section illustrates the typical two pheoncrystal size class 
distribution displayed by the Bench porphyry. Here larger plagioclase phenocrysts accompany 
smaller plagioclase and orthoclase phenocrysts, and are surrounded by a fine quartz dominated 
matrix. 
5. Bench porphyry (98-507): this section highlights the effects of hydrothermal alteration on 
the Bench porphyry. Here an almost entirely sericitised plagioclase phenocryst is surrounded 
by a fine quartz dominated matrix. 
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6. West porphyry (98-607): this section is a clear illustration of the spaced texture that is 
diagnostic of this porphyry. The phenocrysts are largely quartz and feldspar, and the matrix is 
filled aphanitic quartz and sericite. 
7. West porphyry (98-607): this section shows unmixing in an orthoclase phenocryst, as well 
as sericitic alteration in a euhedral plagioclase phenocryst. 
Millleralogy and petrology of the Los Picos and Fortuna units 
The Los Picas-Fortuna suite consists of five geologically distinct plutonic units, 
recognised on the basis of previous geological mapping, geochronology and limited 
geochemistry (Maksaev et al., 1994; Pardo and Chong, 1994; Maksaev and Tomlinson, 1995; 
Tomlinson et al., 1995; Dilles et al., 1997; Rosas, 1999), in addition to petrological, whole 
rock geochemical and U-Th-Pb zircon geochronological work from this study. This section 
presents a glossary of the typical petrological characteristics of the five Los Pi cos and Fortuna 
intrusions. The samples of these intrusions were collected from outcrop and ridge tops, their 
location is listed in section I of the appendix. The size of the hand specimens is indicated by a 
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1. Los Picos (98-527): this sample is 
texturally inequigranular non-porphyritic 
and contains plagioclase, mafic phases, and 
finer orthoclase ± quartz. 
2. Fortuna Gris (98-559): this sample is 
typical of Fortuna Gris in that it is overall 
ligher (more mesocratic) than the Los Picos 
specimen. Texturally, the sample is 
inequigranular non-porphyritic with larger 
plagioclase and mafic clusters surrounded 
by finer, and more abundant plagioclase, 
biotite and milky orthoclase ± quartz. 
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3. Fortuna Clara (98-554): this sample is 
typical of Fortuna Clara, in that it is more 
leucocratic than Fortuna Gris and, 
accordingly, contains significantly more 
felsic minerals. Texturally this sample is 
inequigranular and weakly porphyritic, 
with plagioclase, amphibole, biotite and 
possibly some orthoclase phenocrysts, set 
in a light matrix of quartz, feldspar and 
biotite. Locally, Fortuna Clara is noticeably 
porphyritic. 
4. Fortuna Leucocratic intrusion (98-557): 
this sample is inequigranular non-
porphyritic, and consists of relatively fine 
plagioclase, orthoclase, quartz and rare 
biotite within a pinkish aphanitic 
groundmass. 
5. San Lorenzo porphyry (98-557): this 
sample is porphyritic, and contains 
plagioclase, amphibole and biotite 
phenocrysts set in a greyish aphanitic 
matrix. 
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Thin sections 
Unless otherwise stated, the field of view is ca. 2.5 mm. 
1. Los Picos (98-574): a large twinned plagioclase crystal is surrounded by finer plagioclase, 
quartz, biotite, chlorite and iron oxide minerals. This section is thicker than 30 µmas quartz is 
yellow in crossed polarised light. 
2. Los Picos (98-574): this section displays what could possibly have been a pyroxene crystal, 
but is now a ragged mismatch of amphibole, biotite, chlorite and iron oxides, surrounded by 
plagioclase and fine anhedral quartz. 
3. Los Picos (98-574): this section shows an altered amphibole basal section, set in 
plagioclase, orthoclase, quartz, chlorite, biotite and iron oxides. 
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4. Los Picos (98-540): with the exception of the left margin, the entire field of view is filled by 
an ophitic orthoclase crystal that encloses amphibole, plagioclase, biotite, quartz and opaque 
minerals. 
5. Los Picos (98-540): the large amphibole crystal consists of multiple stages of amphibole 
growth, which each go into extinction at different angles. The crystal has been cut parallel to its 
c-axis and displays one perfect cleavage 
6. Fortuna Gris (98-551): this section contains an altered amphibole basal section, surrounded 
by plagioclase, quartz and opaques (field of view ca. 2 mm). 
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7. Fortuna Gris (98-551): this section shows that Fortuna Gris also contains substantial 
orthoclase (top left), amphibole and patches ofbiotite (field of view ca. 2 mm). 
8. Fortuna Gris (98-551): plagioclase is overall relatively unaltered and commonly twinned (field 
of view ca. 2 mm). 
9. Fortuna Clara (98-554): coarse biotite is surrounded by finer plagioclase, orthoclase and 
opaques. 
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10. Fortuna Clara (98-554): amphibole is also common, this section shows a twinned basal 
section, surrounded by plagioclase and orthoclase (field of view is ca. 1.5 mm). 
11. Fortuna Clara (98-554): plagioclase is commonly twinned and zoned. This section contains 
the enlarged view that is displayed in plate number 10 (above). 
12. Fortuna Clara (98-554): biotite and opaque minerals occur in clusters, here biotite is shown 
to have grown in different orientations, potentially as primary magmatic biotite, and then in 
replacement for other mafic minerals (i.e. amphibole). 
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13. Fortuna Leucocratic intrusion (98-569): a typical view of this equigranular intrusion, 
containing quartz, plagioclase, orthoclase and minor biotite (field of view ca. 2 mm). 
14. San Lorenzo porphyry (98-546): a phenocrystal zoned and twinned plagioclase, 
surrounded by a matrix of quartz, plagioclase, orthoclase and opaque minerals. 
15. San Lorenzo porphyry (98-546): a phenocrystal amphibole that has been partly replaced by 
iron oxides. 
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16. San Lorenzo porphyry (98-546): a typical view of this intrusion. Phenocrystal phases 
include quartz, plagioclase, biotite and orthoclase. 
Mineralogy and petrology of the Pajonal and El Abra units 
The Pajonal-El Abra suite includes eight geologically distinguishable units, separated 
on the basis of previous geological mapping, limited geochronology and geochemistry 
(Ambrus, 1977; Graichen et al., 1995; Maksaev et al., 1994; Maksaev and Blanco, 1995; 
Dilles et al., 1997) as well as petrological, whole rock geochemical and U-Th-Pb zircon 
geochronological work from this study. This section presents a glossary of the typical 
petrological features of these eight units. The seven El Abra intrusions were sampled from 
diamond drill core, housed on site at El Abra, whereas the Pajonal diorite samples were 
collected from outcrop. The location the samples described in this section is listed in section I 
of the appendix. The hand specimens are shown with a $1 dollar Australian coin for scale, 
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1. The Pajonal diorite (00-195): this sample 
is texturally inequigranular non-porphyritic 
and consists of mafic clusters surrounded 
by plagioclase. The overall cloudy greenish 
colour may represent chloritised mafic 
phases. 
2. The Apolo leucogranite (00-134): this 
sample consists of quartz, orthoclase, 
sericitised plagioclase, and minor 
sericitised mafic minerals. 
3. The Central diorite (00-131): this sample 
displays an inequigranular non-porphyritic 
texture, with coarse mafic clusters and 
plagioclase set in a matrix of quartz, 
plagioclase and some orthoclase. Locally, 
fine veinlets cross cut the diorite and stain 
the assemblage orange. 
4. The Dark diorite (00-180): this sample 
appears compositionally and texturally 
very similar to the Central diorite 
specimen. However, this sample contains 
less felsic minerals and is overall finer. In 
addition, the sample has been visibly 
affected by hydrothermal alteration. Now, 
green copper secondary minerals remain, 
dotted throughout the sample. The matrix 
has been left with an overall greenish 
shade. 
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5. The Equis monzodiorite (00-177): this 
sample displays an inequigranular non-
porphyritic texture, with relatively larger 
mafic clusters surrounded by pink 
orthoclase and greyish plagioclase and 
quartz. Locally, plagioclase appears to be 
green, which may have been caused by 
copper uptake. The sample is cross cut by 
iron stained veinlets, that locally contain 
small green patches of copper secondary 
minerals. 
6. The El Abra Aplite (00-150): weakly 
porhyritic texture, with plagioclase and 
mafic phenocrysts in a pink matrix that 
probably consists of orthoclase, quartz, 
plagioclase and fine biotite flakes. The 
sample is dissected by pink veinlets. Some 
plagioclase crystals appear greenish. 
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sample displays a porphyritic texture, with 
unaltered plagioclase and minor mafic 
phenocrysts surrounded by a milky pinkish 
matrix, probably consisting of quartz and 
feldspar. 
8. The El Abra mine porphyry (00-175): 
this sample is porphyritic, with abundant 
altered plagioclase and lesser orthoclase, 
quartz and mafic phenocrysts. The matrix 
is a greyish pink colour, and too fine to 
resolve the composition with a 20x hand 
lens. The sample is cut by multiple veinlets 
of varying composition. Overall the sample 
is green, which is probably a product of 
widespread copper presence within 
feldspar. 
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Thin sections 
Unless otherwise stated, the field of view is ca. 2 mm. 
1. Pajonal diorite (00-195): this intrusion displays an overall inequgranular non-porphyritic 
texture and consists of pyroxene (left side of field of view), plagioclase (right side of field of 
view), and chlorite. The assemblage has not been affected by hydrothermal alteration. 
2. Pajonal diorite (00-195): a ragged mafic crystal, likely to have once been an area of igneous 
amphibole. 
3. Pajonal diorite (00-195): a twinned plagioclase crystal, which has not been affected by 
alteration. Note that the Pajonal diorite is overall coarser grained relative to other El Abra 
intrusions. 
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4. Apolo leucogranite (00-174): overall an equigranular texture, consisting of quartz, 
orthoclase, some biotite and minor opaques. Some orthoclase displays microperthitic 
exsolution (top centre). 
5. Apolo leucogranite (00-174): locally, this intrusion displays a more inequigranular texture. 
This section contains minor plagioclase, as well as significant biotite, in addition to quartz, 
orthodase, biotite and opaques. 
6. Central diorite (00-149): altered plagioclase, with minor orthoclase and quartz. 
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7. Central diorite (00-149): commonly, felsic minerals like orthoclase and quartz are 
surrounded by knots of biotite and opaques. 
8. Dark diorite (00-182): an excellent example of hydrothermal alteration preferentially 
affecting the more calcic plagioclase (centre crystal, displaying darkened core). In addition, 
the Dark diorite contains mica, orthoclase, quartz and opaque minerals. 
9. Dark diorite (00-182): this section contains an altered and ragged pyroxene crystal, as well 
as altered plagioclase, biotite and muscovite (centre top) and opaque minerals. The unit 
displays an inequigranular non-porphyritic texture. 
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10. Equis monzodiorite (00-177): inequigranular non-porphyritic texture, consisting of altered 
orthoclase, abundant biotite, and minor opaques. 
11. El Abra Aplite (00-121): overall an equigranular texture, containing orthoclase and quartz 
with minor plagioclase, sericitised mafic minerals and some opaques. 
12. El Abra Aplite (00-121): a plagioclase crystal completely altered to sericite and cross cut 
by small sericite veinlets. 
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13. South granodiorite (00-153): relatively unaltered assemblage consisting of plagioclase, 
orthoclase, quartz, mica and opaque minerals. 
14. South granodiorite (00-153): a more altered example. 
15. El Abra mine porphyry (00-176): texturally porphyritic, with orthoclase and plagioclase 
phenocrysts in a quartz, plagioclase, orthoclase matrix. 
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16. El Abra mine porphyry (00-176): because of the likely association between this intrusion 
and hydrothermal alteration it is not surprising that it is highly altered. This section shows a 
sericitised plagioclase phenocryst and altered matrix (right side). 
17. El Abra mine porphyry (00-176): an excellent example of an amphibole basal section, 
which has been replaced by biotite and opaque minerals. 
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C athodoluminescence 
This section contains typical cathodoluminescence images of the twenty-one zircon 
populations analysed by SHRIMP and ELA-ICP-MS for U-Th-Pb emplacement and 
inheritance ages. The images where obtained at the Research School of Biological Sciences 
within the Electron microscopy unit during five separate imaging sessions, and are presented 
at two different magnifications depending on the size of the zircons. Notice the similarity 
between the Chuquicamata and Radomiro Tomic derived zircons, and also the similarity 
between the zircons from correlative the Los Picos-Fortuna and Pajonal-El Abra units. Also 
notice the resemblance between the San Lorenzo/El Abra mine porphyry zircons, and the 
Opache mine porphyry zircons. 
Bench porphyry 98-603 
Radomiro Tomic major 
facies porphyry 98-695 
Los Picos 98-521 
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Radomiro Tomic minor 
facies porphyry 00-081 
Fortuna Gris 98-576 
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East porphyry 98-610 
Opache mine porphyry 00-067 
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Pajonal diorite 00-195 
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Appendix IV: PGE and Au analysis 
The analysis of Platinum Group Elements and Gold 
This technique is in part based on previous work, but mainly on a method adopted and 
refined at the RSES by C. Allen and B. Setiabudi. Platinum group elements (PGEs) and gold 
were concentrated using the nickel-sulphide fire assay method (Hoffman et al., 1978; 
Gregoire, 1988; Martin, 1990; Jackson et al., 1990). The method adopted for this study used a 
modified version with pre-fusion spiking for isotope dilution (Ravizza and Pyle, 1997). The 
analysis used mixed spike solutions of PGE isotopes {1 85Re, 105Pd, 195Pt, 99Ru and 191Ir) and 
Osmium (1900s) prior to sample fusion. The procedure involved spiking the sample-NiS borax 
mixture, fusion of the powdered sample, NiS bead digestion, filtration, filter-paper digestion 
and final solution preparation for PGE analysis by solution ICPMS. PGE and gold whole rock 
concentrations were determined by ICP-MS. All PGE concentrations were determined through 
isotope dilution, except in the case of mono-isotopic rhodium and gold, that were calculated 
using 106Pd and 194Pt respectively. 
Spike preparation was undertaken in clean laboratory conditions. A known amount of 
spike solution was added to 5 g of whole rock powdered sample and weighed into a ceramic 
crucible. The spike was poured into the sample and dried at 70 cc for one hour. The 
anhydrous mixture was then homogenised by rolling the spiked sample on a sterile surface. 
The spiked sample was then replaced in the crucible and mixed thoroughly with 5 g of lithium 
metaborate flux, 0.5 g of nickel powder and 0.25 g of sublimated sulphur powder. The 
crucible was then placed inside a second 50 ml crucible, covered with a lid and fused in a pre-
heated furnace at 1050 cc for one and a half hours, with the exception of the fusion blank, 
which was left for one hour. After heating, the crucible was removed from the furnace, cooled, 
broken open and the NiS bead was recovered. The bead was weighed and stored in a 
disposable aluminium dish. Recovery was generally 75 % or better. 
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Bead digestion and filtration took place in a laminar flow hood using a hot plate in 
clean laboratory conditions. Teflon vials were weighed before bead digestion, and prepared for 
filter-paper storage after filtration. The beads were placed in 150 ml 6 N HCl in flasks, 
covered with a sterile watch glass and brought to boil (at about 150 °C) to degas the HCl. The 
dissolution was regularly checked to maintain acid levels, prevent vigorous boiling and to 
keep the bead gently devolatilising. This step lasted for approximately 1 to 3 hours, depending 
on the composition of the sample involved. After dissolution, the flask was removed from the 
hot plate and allowed to cool. Some samples displayed fine flakes of grey insoluble material 
on the acid meniscus. 
The solution was filtered using a flask, stopper, funnel and hand pump. Milli-Q water 
was used to rinse the funnel rim and wall following filtration. The filter paper was transferred 
into the appropriate Teflon vial and the filtrate was discarded. After filtration, 3 ml of 6 N 
HN03 were added to each vial, then these were sealed and refluxed at 100 °C for about 2 
hours or until digestion was complete. After digestion the vials were opened and dried down to 
approximately 120 µl. The samples were then diluted with 6 ml of Milli-Q water and refluxed 
at 100 °C for 2 hours, allowed to cool and stored overnight before ICP-MS analysis. 
The ICPMS measurements were undertaken using an Agilent 7500s series ICP-MS 
with an attached autosampler. Data were acquired in peak hopping mode and the counts at 
each mass were calculated by averaging three points per peak. The isotopic run table included: 
59Co 62Ni 65Cu 66zn s9y 90zr 99Ru 101Ru 102Ru 103Rh 105Pd 106Pd 1osPd 1s0Hf 1s1Ta 
'' ''''' ' ' ' ' ' ' ' ' 
Instmmental calibration was carried out using a 10 ppb tuning solution containing a range of 
mass1es between 7 and 238 atomic mass units. Sensitivity varied from 2.5 x 105 cps at mass 24, 
to 3.5 x 105 cps at mass 115 and 2.2 x 105 cps at mass 238, at the 10 ppb level. The wash 
seqmmce between samples lasted for 26 minutes, consisting of 2 minute triton, 5 minutes H20, 
5 minutes 1 N HCl, 5 minutes 5 % HN03 and 5 minutes 2 % HN03. Molecular interferences 
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on the analyte isotopes were corrected by measuring the interference solutions consisting of Ni 
+ Y, Cu + Zr, Zn, Ta and Co before the analysis of an unknown sample. Samples were 
introduced to the ICP-MS in automatic mode at a rate of about 1 ml per minute. 
The raw counts collected from the ICP-MS analyses were compiled and processed in 
an Excel-based spreadsheet. The final PGE whole rock concentrations are quoted in parts per 
billion and were calculated by (1) subtracting the blank concentration, (2) correcting the PGE 
data for the effect of isotopic interference, and (3) applying mass fractionation correction 
factors based on the run standards. The ppb concentrations of the analysed whole rock samples 
are tabulated below. 
POE analytical results 
Code Sample Unit concentration (ppb) 
Re Au Pd Pt Rh Ru Ir Os 
fusion blank 1 0.03 0.02 0.22 0.02 0.004 0.004 0.008 0.001 
98-467 East porphyry 5.16 0.o7 0.13 0.06 0.001 0.003 0.002 0.042 
Day I 98-518 Los Picos 0.21 O.oI 0.64 0.80 O.oI8 0.021 0.005 0.000 
98-526 Los Picos 0.29 0.45 1.42 0.187 0.092 0.052 0.340 
98-536 Fortuna Clara 0.42 0.18 1.34 0.22 0.039 0.204 0.110 
98-542 San Lorenzo porphyry 1.34 O.o2 0.22 0.07 0.002 0.004 0.002 0.333 
fusion blank 1 0.30 0.19 0.88 0.19 0.103 0.093 0.089 
98-467 East porphyry 0.09 0.10 0.08 0.002 0.009 0.064 
98-518 Los Picos 0.22 0.01 0.49 0.74 O.oI8 0.046 0.028 0.045 
98-526 Los Picos 0.38 1.34 1.58 0.204 0.153 
98-536 Fortuna Clara 1.15 0.80 1.82 0.78 0.330 0.173 
98-542 San Lorenzo porph;i:~ 1.60 0.02 0.18 0.10 0.002 O.oI 1 0.010 0.151 
fusion blank 2 1.26 0.10 0.23 0.10 0.005 0.043 0.027 
Complete 98-467.2 East porphyry 0.46 0.06 0.19 0.76 0.007 0.012 0.017 0.014 
redo of 98-518.2 Los Picos 0.54 O.o2 0.85 1.22 0.030 0.040 0.039 0.026 
Day II spiked 98-551 Fortuna Gris 0.98 0.32 0.65 0.55 0.010 0.008 0.037 0.031 
sample 98-536.2 Fortuna Clara 1.10 0.08 0.26 0.22 0.004 0.019 0.019 
98-542.2 San Lorenzo porph;i:~ 2.04 0.06 0.36 0.17 0.001 0.050 0.023 0.010 
00-199 Pajonal diorite 0.22 O.o3 0.38 0.54 0.027 0.022 0.007 
00-186 Central diorite 0.47 0.o7 1.67 1.06 0.093 0.021 0.009 
00-160 Dark diorite 0.52 0.17 5.19 1.96 0.016 0.167 0.032 0.011 
00-141 Equis monzodiorite 15.14 0.31 1.40 1.10 0.046 0.037 0.033 0.015 
00-159 South granodiorite 0.80 0.24 0.52 0.26 0.035 0.010 
00-138 El Abra mine porphyry 2.90 0.16 0.71 0.015 0.006 
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Plagioclase core anorthite contents ~ 
The composition of plagioclase cores, from multiple Los Picos and Fortuna samples 
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0.02 0.39 0.59 4 
0.01 0.40 0.58 5 
0.02 0.41 0.57 6 
0.02 0.46 0.52 
0.02 0.46 0.52 8 
Or Ab Fortuna An Clara 
0.03 0.36 0.61 9 
0.03 0.44 0.53 
San 
Or Ab An Lorenzo 
porphyry 
0.02 0.47 0.51 98-531.1 
0.02 0.49 0.48 
0.04 0.53 0.43 
0.03 0.54 0.43 4 
0.03 0.47 0.50 
0.02 0.46 0.52 
0.02 0.51 0.47 
0.02 0.52 0.46 
0.03 0.50 0.47 
0.02 0.48 0.50 IO 
0.03 0.51 0.46 11 
0.03 0.46 0.51 98-571.1 
0.02 0.58 0.39 
0.02 0.44 0.54 
0.03 0.49 0.48 4 
0.02 0.54 0.44 
0.05 0.53 0.43 
0.05 0.60 0.36 
0.04 0.51 0.45 
0.04 0.50 0.46 
0.02 0.49 0.50 10 
0.03 0.46 0.50 98-573. l 
0.01 0.50 0.49 
0.02 0.41 0.57 
0.03 0.50 0.47 4 
0.03 0.49 0.48 
0.03 0.48 0.49 
0.03 0.42 0.56 7 
0.04 0.47 0.49 8 
0.03 0.45 0.5 1 9 
0.02 0.52 0.45 10 
0.03 0.49 0.48 
0.02 0.49 0.49 
0.02 0.51 0.47 
0.02 0.49 0.49 
0.02 0.50 0.49 
0.03 0.49 0.48 
0.04 0.51 0.45 
San 
Or Ab An Lorenzo 
porphyry 
0.02 0.51 0.47 
Fortuna 
Or Ab An Leucocratic 
intrusion 
0.02 0.44 0.54 98-555 .1 
0.02 0.54 0.44 
0.03 0.47 0.50 
0.03 0.52 0.46 4 
0.02 0.48 0.50 
0.02 0.48 0.50 6 
0.02 0.48 0.49 
0.03 0.49 0.48 8 
0.02 0.48 0.50 9 
0.02 0.40 0.58 10 
0.04 0.40 0.57 11 
0.10 0.47 0.43 98-557.1 
0.02 0.53 0.44 !(ii) 
0.02 0.48 0.50 2 
O.Ql 0.60 0.39 
0.02 0.70 0.28 4 
0.03 0.50 0.48 
0.02 0.48 0.50 6 
0.02 0.5 1 0.47 7 
0.03 0.53 0.44 8 
0.02 0.52 0.46 9 
0.03 0.49 0.48 558-1 
0.02 0.54 0.44 
0.05 0.47 0.48 
0.03 0.48 0.49 4 
0.03 0.44 0.52 
0.03 0.52 0.45 
0.04 0.48 0.48 
0.01 0.49 0.50 
0.04 0.50 0.46 9 
0.04 0.53 0.44 IO 
Fortuna 
Or Ab An Leucocratic 
intrusion 
Average 0.02 0.43 0.54 Average 0.02 0.44 0.54 Average 0.03 0.49 0.48 Average 0.03 0.50 0.47 Average 
Legend: Or - orthoclase, Ab - albite, An - anorthite 
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Or Ab An 
0.02 0.67 0.31 
0.04 0.50 0.47 
0.03 0.47 0.50 
0.01 0.68 0.31 
0.02 0.77 0.21 
0.02 0.80 0.18 
0.03 0.48 0.49 
0.03 0.48 0.48 
0.0 I 0.49 0.50 
0.02 0.64 0.34 
0.03 0.49 0.48 
0.04 0.62 0.34 
0.03 0.57 0.40 
0.02 0.61 0.37 
0.02 0.49 0.50 
O.Ql 0.5 1 0.48 
0.03 0.71 0.26 
0.03 0.51 0.47 
0.02 0.66 0.32 
0.02 0.51 0.47 
0.03 0.71 0.26 
0.01 0.86 0.13 
0.02 0.61 0.38 
0.02 0.53 0.45 
0.04 0.69 0.27 
0.04 0.71 0.25 
0.03 0.72 0.25 
0.02 0.58 0.40 
0.04 0.70 0.26 
0.03 0.72 0.25 
0.04 0.69 0.27 
Or Ab An 
0.03 0.62 0.36 
Appendix V: Plagioclase core anorthite contents 
A SUMMARY OF TYPICAL PLAGIOCLASE CORE 
MAJOR ELEMENT OXIDE COMPOSITIONS (in wt. %) 
Fortuna San Lorenzo 
Leucocratic porphyry Fortuna Clara Fortuna Gris Los Picos 
intrusion 
ID 557-1.l 558-2 98-575.2 98-547.4 98-531.2 98-571.4 98-566.5 98-559.11 98-533.2 98-520.7 
Si02 62.75 61.84 59.73 58.65 60.42 61.64 56.86 55.53 58.51 53.81 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.09 0.18 
Al20 
24.59 23 .74 25.05 26.21 24.62 23.36 26.93 25.48 25.79 28.73 3 
FeO 0.20 0.14 0.35 0.28 0.32 0.27 0.34 1.12 0.30 0.31 
Cao 5.92 5.42 7.33 8.56 6.80 5.58 9.64 8.43 8.07 12.11 
Na20 8.48 8.73 7.55 6.85 8.23 8.68 6.42 6.32 7.19 4.71 
K20 0.45 0.22 0.41 0.32 0.29 0.21 0.26 0.52 0.19 0.27 
Total 102.38 100.08 100.41 100.88 100.68 99.74 100.56 97.41 100.15 100.12 
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Appendix VI: Major element data 
WHOLE ROCK MAJOR ELEMENT CONCENTRATIONS ~in wt. %l 
ID Unit Name SiO, Al,O, TiO, Fe,o, MgO MnO Cao K,O Na,O s P 20 s Total* 
98-462 68 .88 16.35 0.23 2.94 0.55 0.04 0.19 4.97 4.48 0.33 0.04 99.00 
98-463 64 .71 15.07 0.24 2.00 1.20 0.05 5.29 4.40 4.34 1.65 0.06 99.00 
98-464 67.54 16.13 0.27 0.48 0.43 0.01 1.36 6.97 4.45 1.24 0.12 99.00 
98-467 69 .03 15.51 0.25 2.20 0.43 0.05 1.37 3.87 5.00 0.37 0.10 98.18 
98-508 East porphyry 67 .83 15.53 0.26 1.97 0.56 0.02 1.35 3.89 5.76 0.88 0.10 98.13 
98-510 67 .36 18.16 0.34 2.16 0.60 0.05 1.55 6.42 0.25 1.94 0.17 99.00 
98-511 67.20 15.98 0.29 2.82 0.63 0.01 1.84 4.06 3.91 1.44 0.11 98.29 
98-512 70.47 16.30 0.23 0.82 0.17 0.01 0.21 5.00 5.13 0.71 0.02 99.06 
98-602 68 .64 15 .89 0.24 0.88 0.53 0.04 2.06 7.18 2.02 1.44 0.09 99.00 
Average 67.96 16.10 0.26 1.81 0.56 0,03 1.69 5.20 3.93 1.11 0.09 98 .74 
98-4 75 72 .15 15.83 0.23 2.09 0.51 0.15 0.31 5.69 1.76 0.20 0.09 99.00 
98-476 71.62 15.04 0.26 1.70 0.66 0.07 0.98 5.31 2.64 0.55 0.10 98.91 
98-4 77 74.45 13.27 0.20 1.22 0.32 0.00 0.22 6.09 2.90 0.74 0.08 99.48 
98-501 West porphyry 66.86 16.19 0.27 2.28 0.61 0.02 3.37 4.99 
0.06 4.21 0.14 99.00 
98-502 67.43 15.85 0.36 3.75 0.60 0.02 1.45 4.74 0.06 4.67 0.08 99 .00 
98-503 70.00 16 .87 0.34 1.94 0.63 0.02 1.25 5.24 0.05 2.58 0.08 99.00 
98-601 74.05 14 .13 0.24 0.59 0.42 0.01 0.36 5.59 3.40 0.16 0.08 99.01 
98-608 75.12 12.61 0.20 0.63 0.34 0.01 0.50 6.26 2.25 0.44 0.09 98.45 
Average 71.46 14.97 0.26 1.77 0.51 0.04 1.05 5.49 1.64 1.69 0.09 98.98 
98-469 68.49 16.13 0.22 1.79 0.36 0.08 2.20 3.87 4.85 0.92 0.08 99 .00 
98-470 67.25 16.21 0.23 1.89 0.45 0.29 1.55 6.37 3.13 1.56 0.08 99 .00 
98-4 71 68 .93 15.40 0.17 0.38 0.35 0.01 2.16 7.07 3.10 0.78 0.07 98.43 
98-472 72.09 15.87 0.23 1.09 0.46 0.03 0.26 7.32 1.26 0.30 0.09 99.00 
98-474 Bench 69.12 16.93 0.27 0.62 0.49 0.01 0.19 7.84 2.91 0.51 0.11 99.00 
98-504 porphyry 70.47 15.62 0.22 0.93 0.49 0.01 0.24 4.92 4.60 0.56 0.06 98.13 
98-505 68.46 15 .54 0.22 1.11 0.59 0.01 1.92 4.34 5.12 0.64 0.07 98.01 
98-506 70.85 15.97 0.20 1.46 0.44 0.02 2.24 3.15 4.99 0.07 0.07 99 .44 
98-507 69.17 15.72 0.18 1.26 0.37 0.06 0.92 4.58 4.99 0.85 0.09 98.19 
98-605 73.21 14.78 0.21 1.00 0.52 0.11 0.20 6.90 1.75 0.24 0.08 99 .00 
Average 69.80 15.82 0.22 1.15 0.45 0.06 1.19 5.64 3.67 0.64 0.08 98.72 
00-81 69.21 17.06 0.25 1.36 0.44 0.00 1.75 2.72 5.98 0.12 0.11 99 .00 
00-82 Radomiro 70 .21 16.38 0.21 1.02 0.32 0.00 1.98 3.24 5.03 0.07 0.09 98.55 
00-83 Tomic minor 71.19 16.02 0.2 1 0.84 0.29 0.01 2.03 3.23 5.03 0.07 0.08 99 .00 
00-87 facies porphyry 72.45 15.06 0.20 0.88 0.39 0.00 1.23 3.85 4.36 0.01 0.03 98.45 
Average 70.77 16.13 0.22 1.02 0.36 0.00 1.75 3.26 5.10 0.07 0.07 98.75 
00-80 70.51 16.57 0.24 4.28 0.21 0.19 0.33 5.98 0.31 0.28 0.09 99 .00 
00-84 Radomiro 69.08 15.73 0.29 2.13 0.78 0.07 3.03 3.41 4.32 0.04 0.13 99.00 
00-85 Tomicmajor 71.52 15.91 0.26 0.69 0.36 0.00 1.51 4.37 4.12 0.21 0.05 99.00 
00-86 facies porphyry 72 .34 15 .87 0.23 0.54 0.46 0.00 1.52 3.49 4.38 0.12 0.05 99 .00 
Average 70.86 16.02 0.25 1.91 0.45 0.07 1.60 4.31 3.28 0.16 0.08 99.00 
98-611 65 .52 15.38 0.72 4.57 1.97 0.08 3.85 4.12 3.37 0.03 0.15 99.77 
98-612 66 .71 14.80 0.64 4.16 1.63 0.12 3.26 4.44 3.20 0.07 0.12 99 .14 
98-627 Montecristo 65 .22 15.24 0.69 4.52 1.86 0.05 3.37 4.54 3.40 0.07 0.15 99 .10 98-628 intrusion 64 .28 15 .50 0.78 4.99 2.22 0.05 4.08 3.77 3.58 0.05 0.16 99.46 98-629 65.68 15.16 0.72 4.47 1.91 0.08 3.72 4.06 3.42 0.02 0.13 99.36 
98-633 57 .43 16.32 1.14 7.55 3.46 0.17 5.48 3.33 3.34 0.01 0.28 98.49 
98-637 59 .83 16.05 1.12 7.07 2.60 0.14 4.99 3.56 3.34 0.02 0.30 99 .00 
Average 63.52 15.49 0.83 5.33 2.24 0.10 4.11 3.97 3.38 0.04 0.18 99.19 
98-615 67.23 16.01 0.38 3.25 1.36 0.05 4.40 2.07 3.48 0.01 0.20 98.44 
98-618 65.00 17.35 0.59 1.64 2.35 0.03 4.07 0.92 6.12 0.04 0.25 98.37 
98-630 68.13 14.58 0.26 3.24 0.37 0.03 0.63 10.04 0.17 1.45 0.09 99 .00 
98-632 56 .58 17.18 1.25 4.21 3.74 0.18 8.35 0.75 6.43 0.03 0.29 99.00 
98-634 Montecristo 57 .3 5 16.71 1.13 6.03 3.08 0.14 6.12 2.84 4.54 0.07 0.26 98.26 
98-636 porphyry 60.70 16.73 1.20 2.03 2.8 1 0.07 8.18 0.77 5.94 0.01 0.23 98.67 
98-641 58.01 17.01 1.09 7.39 3.30 0.11 6.05 2.49 3.27 0.01 0.29 99 .01 
98-644 60.01 16.35 0.72 9.33 0.24 0.00 1.04 1.49 7.69 1.70 0.43 99.00 
98-651 60.30 16.29 0.79 6.72 2.17 0.08 3.63 0.27 8.44 0.05 0.25 99 .00 
98-647 64.99 17.90 1.05 0.91 0.20 0.00 3.08 1.28 7.89 1.61 0.10 99.00 
Average 61.83 16.61 0.85 4.47 1.96 0.07 4.55 2.29 5.40 0.50 0.24 98.78 
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Appendix VI: Major element data 
ID Unit Name SiO, Al ,0 3 TiO, Fe, o , MgO MnO Cao K ,O Na,O s P ,O, Total* 
98-478 59.09 16.72 1.10 7.13 2.91 0.13 4.18 3.38 4.03 0.02 0.29 99 .00 
98-479 58.17 16 .33 1.17 7.80 2.87 0.21 4.57 3.02 3.59 0.01 0.29 98.02 
98-480 70 .11 14.78 0.49 4.53 0.91 0.06 3.12 4.41 0.40 0.08 0.12 99.00 
98-481 Cerro Empexa 68.42 14.92 0.43 4.22 0.64 0.11 2.49 5.33 2.34 0.01 0.08 99.00 
98-643 formation 58.47 15.72 0.93 6.54 3.98 0.11 5.80 2.47 3.73 0.02 0.32 98 .08 
98-646 volcanics 53.98 17.70 1.37 9.80 5.15 0.04 2.58 2.39 5.55 O.Q7 0.35 99 .00 
98-648 60.65 16.65 0.84 5.56 3.86 0.07 2.34 2.46 6.18 0.06 0.33 99.00 
98-650 65.30 15.73 0.58 4.31 1.94 0.05 1.69 5.34 3.78 0.06 0.23 99 .00 
Average 61.77 16.07 0.86 6.24 2.78 0.10 3.35 3.60 3.70 0.04 0.25 98.76 
*Total: Where the whole rock totals determined by XRF were significantly less than 98 wt. %, 
the individual maior element oxides were renormalised to total 99 wt. %. 
194 

























































WHOLE ROCK TRACE ELEMENT CONCENTRATIONS (in ppm) 
Unit Name Cs Rb Ba Th U Nb Ta La Ce Pb Pr Sr 
2.95 140 713 4.78 2.80 5.80 0.45 15.4 28.3 6 3.00 
1.56 87 703 6.76 8.70 5.98 0.46 18.5 33 .5 5 3.53 
4.39 113 724 15.45 1.90 7.15 0.56 35.4 65.2 4 6.60 
1.17 189 604 8.57 1.34 5.29 0.44 20.5 35.4 24 3.58 
0.99 83 856 7.67 1.60 6.21 0.47 30.3 62.0 9 7.08 




















1.75 85 1021 5.12 2.20 6.63 0.50 16.0 30.6 31 3.30 
4.06 154 712 4.26 1.25 7.02 0.54 16.0 31.2 115 3.48 
1.66 95 827 5.01 1.32 7.24 0.52 16.l 30.8 21 3.25 
0.92 112 788 6.36 1.24 6.50 0.48 19.4 34.9 16 3.54 
2.56 161 579 3.78 1.27 5.05 0.40 15.4 28.3 4 3.06 
























































































































































































575 17.25 5.62 10.08 0.72 
594 18.84 4.07 8.66 0.71 
607 63.55 18.41 14.26 1.19 
621 18.36 5.14 14.06 1.22 
584 22.57 7.37 14.15 0.96 
465 12.24 3.34 13.37 0.88 
500 15.25 4.92 12.24 0.93 
564 24.01 6.98 12.40 0.94 
543 8.29 2.55 10.80 0.79 
535 8.10 2.55 10.78 0.77 
189 15.32 4.91 15.74 1.07 
975 17.91 5.82 16.52 1.21 
773 13.95 3.43 16.51 1.06 
445 7.33 1.63 12.41 0.74 
906 19.77 3.74 25.09 1.53 
1241 17.95 3.92 21.61 1.57 

























































































































































































































1.77 5.54 0.46 
1.25 4.56 0.35 
1.39 6.44 0.51 
1.64 5.87 0.48 
1.41 7.62 0.78 








































































































































































~ - -·. -- -·. 
Appendix VII: Trace element data 
ID Unit Name Cs Rb Ba Th u Nb Ta La Ce Pb Pr Sr Nd 
00-81 1.23 75 1122 4.63 3.48 8.53 0.69 21.9 43 .0 9 4.60 808 17.4 
00-82 Radomiro Tomic 0.83 42 733 3.35 1.10 5.23 0.39 14.2 26.1 5 2.63 573 9.6 
minor facies 00-83 porphyry 0.69 33 724 3.94 1.03 5.65 0.44 16.3 31.0 18 3.28 560 11.8 
00-87 1.09 37 722 2.62 0.88 4.23 0.32 11.0 21.0 3 2.25 459 8.5 
Average 0.96 47 825 3.63 1.62 5.91 0.46 15.8 30.3 9 3.19 600 11.8 
00-80 1.91 93 954 6.81 1.32 6.32 0.47 17.6 33.2 6 3.42 116 12.1 
00-84 1.14 74 863 4.14 3.75 6.15 0.49 19.2 34.9 27 3.55 645 13.2 
00-85 0.77 60 1374 6.52 1.67 8.31 0.69 19.9 37.1 3.71 476 13.3 
00-86 Radomiro Tomic 1.07 58 563 5.72 9.42 6.15 0 .51 15.6 29.0 3 2.97 454 10.4 
00-89 major facies 1.21 86 867 4.43 1.27 5.29 0.41 13.2 25.4 8 2.66 365 9.7 
00-91 
porphyry 
1.42 72 835 2.72 0.98 6.95 0.54 13.5 25.6 5 2.65 400 9.4 
00-92 1.01 54 515 4.64 2.19 5.69 0.46 12.3 24.7 II 2.64 482 9.2 
00-93 1.21 49 362 6.88 2.33 4.84 0.41 11.3 20.9 10 2.11 389 7.4 
Average 1.22 68 792 5.23 2.86 6.21 0.50 15.3 28.9 9 2.96 416 10.6 
00-96 3.31 137 384 2.76 0.94 3.72 0.33 15.9 30.8 7 3.10 31 10.8 
00-97 4.69 155 399 2.84 1.17 4.40 0.40 13.2 23.8 88 2.18 155 6.7 
00-104 Mansamina 6.30 87 800 4.38 1.18 3.98 0.36 16.4 31.l 33 3.18 102 11.3 
00-106 granodiorite 1.36 44 391 4.93 1.01 3.88 0.35 18.2 34.0 9 3.49 211 12.1 
00-108 2.64 51 2694 3.17 0.86 2.65 0.20 13.8 26.8 14 2.78 283 IO.I 
00-116 4.32 200 141 3.12 0.81 3.56 0.27 13.8 27.4 20 2.94 17 I I.I 
Average 3.77 112 802 3.53 1.00 3.70 0.32 15.2 29.0 28 2.94 133 10.3 
00-98 3.46 191 489 4.77 3.32 4.53 0.41 18.3 36.1 128 3.71 375 12.9 
00-99 1.37 94 413 5.05 2.10 4.49 0.38 17.0 32.2 219 3.14 430 10.9 
00-105 Mansamina 5.53 146 144 4.56 1.27 5.79 0.40 14.2 28.0 36 2.78 425 9.6 
00-107 porphyry 1.40 146 229 3.18 1.14 2.90 0.24 39.7 72.9 11 6.71 177 20.7 
00-109 6.10 203 548 5.16 1.27 3.76 0.30 15.1 28.6 167 2.91 74 10.2 
Average 3.57 156 364 4.54 1.82 4.29 0.35 20.9 39.6 112 3.85 296 12.9 
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WHOLE ROCK TRACE ELEMENT CONCENTRATIONS (in ppm) 
Unit Name Sm Zr Hf Eu Gd Th Dy Y Ho Er 
1.73 IOI 2.83 0.51 1.27 0.16 1.00 5.78 0.19 0.56 
2.05 93 2.64 0.51 1.40 0.18 1.12 5.83 0.20 0.59 
3.24 112 3.27 0.78 1.87 0.21 0.97 4.20 0.14 0.37 
1.89 86 2.66 0.45 1.16 0.14 0.77 3.85 0.13 0.37 
4.11 98 2.69 0.84 2.33 0.24 1.20 6.07 0.20 0.54 










2.10 100 2.80 0.52 1.35 0.17 1.09 5.95 0.19 0.56 
2.23 108 3.14 0.54 1.53 0.20 1.10 5.90 0.20 0.53 
1.95 105 2.96 0.50 1.27 0.16 0.96 5.57 0.19 0.52 
1.91 95 2.99 0.52 1.15 0.13 0.67 4.99 0.12 0.35 
1.79 93 2.59 0.46 1.20 0.15 0.78 4.67 0.15 0.46 














































































































































































































































































































































































































































































































































2.70 0.79 2.15 1.60 7.45 0.28 0.77 0.76 
1.41 7.42 














2.95 0.80 1.93 0.26 0.72 0.79 
2.84 0.67 1.71 1.25 7.41 0.24 0.68 0.77 
2.51 1.00 2.23 1.45 7.12 0.25 0.69 0.68 
00-73 2.68 0.78 1.94 1.37 7.24 0.26 0.71 0.76 




































































Appendix VII: Trace element data 
ID Unit Name Sm Zr Hf Eu Gd Th D~ y Ho Er Yb Lu 
00-81 2.91 124 3.26 0.88 2.04 1.36 6.84 0.24 0.71 0.74 0.12 
00-82 Radomiro Tomic 1.47 97 2.76 0.46 0.99 0.67 3.59 0.12 0.37 0.42 0.06 
00-83 minor facies 1.85 91 2.66 0.51 1.23 0.88 4.81 0.17 0.48 0.52 0.08 
00-87 
porphyry 
1.39 84 2.17 0.45 0.91 0.63 3.23 0.11 0.30 0.39 0.06 
Average 1.91 99 2.71 0.58 1.29 0.89 4.62 0.16 0.47 0.52 0.08 
00-80 1.83 113 3.07 0.50 1.33 1.03 5.30 0.18 0.52 0.69 0.10 
00-84 2.07 102 2.73 0.61 1.45 1.06 5.84 0.20 0.57 0.62 0.09 
00-85 2.16 85 2.47 0.52 1.42 0.94 5.13 0.17 0.49 0.58 0.09 
00-86 Radomiro Tomic 1.63 111 3.24 0.46 1.09 0.71 3.81 0.12 0.38 0.50 0.08 
00-89 major facies 1.47 93 2.56 0.42 1.09 0.58 2.87 0.10 0.28 0.36 0.06 
00-91 
porphyry 
1.37 62 1.61 0.45 0.95 0.65 3.40 0.12 0.34 0.37 0.06 
00-92 1.37 81 2.32 0.40 0.87 0.59 3.23 0.11 0.34 0.38 0.07 
00-93 1.10 66 1.92 0.36 0.79 0.58 3.04 0.10 0.30 0.38 0.06 
Average 1.63 89 2.49 0.46 1.12 0.77 4.08 0.14 0.40 0.48 0.08 
00-96 1.85 83 2.33 0.48 1.56 1.41 7.99 0.27 0.78 0.88 0.13 
00-97 1.04 111 3.12 0.29 0.98 1.11 6.67 0.23 0.70 0.86 0.13 
00-104 Mansamina 1.96 87 2.34 0.45 1.57 1.39 8.01 0.28 0.81 0.91 0.14 
00-106 granodiorite 2.03 96 2.64 0.49 1.59 1.42 8.47 0.29 0.86 0.96 0.16 
00-108 1.74 92 2.36 0.46 1.33 1.17 6.59 0.23 0.66 0.80 0.12 
00-116 2.03 77 2.06 0.58 1.73 1.44 8.19 0.28 0.80 0.94 0.13 
Average 1.77 91 2.48 0.46 1.46 1.32 7.65 0.26 0.77 0.89 0.13 
00-98 2.43 118 3.31 0.68 1.82 0.98 4.49 0.18 0.49 0.65 0.12 
00-99 1.65 JOO 2.68 0.37 1.00 0.54 2.63 0.10 0.31 0.49 0.09 
00-105 Mansamina 1.50 80 2.16 0.34 0.90 0.79 5.11 0.18 0.56 0.73 0.12 
00-107 porphyry 2.72 68 1.92 0.66 1.74 1.23 6.96 0.24 0.70 0.76 0.12 
00-109 1.79 90 2.43 0.49 1.46 1.33 7.86 0.28 0.84 0.88 0.13 
Average 2.02 91 2.50 0.51 1.38 0.97 5.41 0.20 0.58 0.70 0.12 
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Two ages of porphyry intrusion resolved for the super-giant 
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ABSTRACT 
Zircon U-Pb ages measured In situ by excimer laser ablation-Inductively coupled plasma-
mass spectrometry (ELA-ICP-MS) and verified by sensitive high-resolution ion micro-
probe (SHRIMP) on ore-bearing felsic porphyries from the Chuquicamata porphyry cop-
per-molybdenum deposit, northern Chile, identify two discrete Igneous events. The volu-
metrically dominant East porphyry has an age of 34.6 ± 0.2 Ma, whereas the Bench and 
West porphyries yield ages of 33.3 ± 0.3 Ma and 33.5 ± 0.2 Ma, respectively. The age of 
the East porphyry is indistinguishable from a Re-Os age for early molybdenite mineral-
ization (35 Ma) and the oldest reported 40Ar-39Ar ages for hydrothermal alteration, con-
firming a genetic link with mineralization. Previous geological studies and 40Ar-39Ar and 
Re-Os geochronology identify two main hydrothermal events: high-temperature potassic 
alteration with chalcopyrite at 33.4 ± 0.3 Ma followed by lower temperature quartz. 
sericite alteration with pyrite at 31.1 ± 0.3 Ma. The ages of the West and Bench porphyries 
match the ages for potasslc alteration. Younger quartz-sericite alteration may reflect an 
additional fourth Intrusion concealed at depth. The anomalously large size of Chuquica-
mata :appears to be due to a protracted igneous history resulting in the superposition of 
at least two temporally distinct magmatic-hydrothermal systems. 
Keywords: Chuquica..~ata, porphyry copper, geochronology, Chile, zircon . 
INTRODUCTION 
The Chuquicamata porphyry Cu-Mo depos-
it of northern Chile is historically the world's 
largest Cu producer and, 85 years after the 
start of mining, is still one of the principal 
sources of Cu (Ossand6n and Zentilli, 1997). 
The purpose of this study was to test the hy-
pothesis that Chuquicamata is a supergiant de-
posit because two or more distinct magmatic-
hydrothermal systems have contributed to its 
formation. That is, Chuquicamata represents 
the superimposition of multiple porphyry cop-
per deposits. 
Previous studies have found evidence for 
multiple magmatic-hydrothermal events at 
Chuquicamata. Geological mapping has 
shown that there are three texturally distin-
guishable productive intrusive units within the 
pit, the East, West and Bench porphyries (Ar-
acena, 1981 ; Maksaev, 1990), suggesting that 
there may have been more than one period of 
igneous activity. This conclusion is supported 
by an extensive analysis of the alteration pat-
tern at Chuquicamata (Lindsay et al., 1995), 
which does not show the classic concentric 
zonation of other porphyry ore deposits de-
scribed by Lowell and Guilbert (1970). The 
irregular alteration pattern at Chuquicamata 
may have arisen through the multiple hydro-
thermal events documented by Lindsay et al. 
(1995), who reported quartz-sericite alteration 
superimposed on potassic alteration. The 40 Ar-
39 Ar evidence (Reynolds et al., 1998) that 
high-temperature (> 350 °C) potassic alter-
ation is older (33.4 ± 0.3 Ma) than low-
temperature ( <350 °C) quartz-sericite alter-
ation (31.1 ± 0.3 Ma) supports such an 
interpretation. 
Although field studies provide evidence of 
multiple igneous and hydrothermal events, 
they do not distinguish whether the recognized 
events occurred during a single period of pro-
tracted magmatic-hydrothermal activity, or as 
part of two or more discrete igneous-hydro-
thermal events that were superimposed on 
each other. Despite the consistency of field ev-
idence and Ar geochronology with the multi-
ple porphyry hypothesis, they do not provide 
a definitive test. This can only be done 
through direct dating of the porphyries. Fur-
thermore, because the geochemistry of the 
three types of porphyries is very similar and 
because they do not always show clear cross-
cutting relationships, it is likely that the age 
difference between them is small. A dating 
technique that is both precise and resistant to 
thermal overprinting is required. 
The porphyries were dated using excimer 
laser ablation-inductively coupled plasma-
mass spectrometry (ELA-ICP-MS) zircon U-
Pb geochronology. The accuracy of the results 
was confirmed by sensitive high-resolution 
ion microprobe (SHRIMP) analyses of the 
same samples. In situ zircon U-Pb analysis has 
two important advantages over alternative 
techniques for the present study. First, the U-
Pb system in zircon is highly resistant to hy-
drothermal resetting. Second, both ELA-ICP-
MS and SHRIMP are microbeam techniques 
that allow inherited cores, which are present 
in the Chuquicamata porphyries (Zentilli et 
al., 1994), to be identified and excluded from 
age calculations. 
GEOLOGICAL SETTING 
The Chuquicamata porphyry Cu-Mo mine 
is located -240 km northeast of Antofagasta, 
in northern Chile (Fig. 1). The Precordillera 
basement and cover sequences in the Chuqui-
camata area comprise varied igneous, sedi-
mentary, and metamorphic lithologies ranging 
in age between Ordovician and Holocene 
(Chong and Pardo, 1994). Eocene-Oligocene 
magmatism in the Chuquicarnata district ex-
ploited weakened crust along the West fissure 
zone of strike-slip deformation (Lindsay et al., 
1995; Reutter et al., 1996; Tomlinson and 
Blanco, 1997a, 1997b; Dilles et al., 1997; 
Reynolds et al., 1998). The West fissure forms 
part of the more extensive north-south Do-
meyko fault system (Maksaev and Zentilli, 
1988) and juxtaposes noneconomic Fortuna 
Complex intrusions against ore-bearing Chu-
quicarnata porphyries in the central part of the 
Chuquicarnata pit. 
The Chuquicamata deposit is at the south-
ern end of the 12 by 2 km north-trending Chu-
quicamata Intrusive Complex (Chong and Par-
do, 1994). This late Eocene-Oligocene 
igneous suite (Maksaev, 1990; Zentilli et al., 
1994) consists of the three recognizable por-
phyritic units in the mine, distinguished by 
texture and different amounts of plagioclase, 
quartz, orthoclase, and biotite phenocrysts. 
These units are the East porphyry, a granodi-
orite to monzogranite that displays a close-
packed texture, with medium to coarse grains 
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tionation, and common lead. The SHRIMP 
Pb/U calibration used AS3, whereas the ELA-
ICP-MS used silicate glass NIST 612 to mon-
itor drift and U(I'h fractionation, and zircon 
standard SL13 for Pb isotope, Pb/U, and Pb/ 
Th fractionation. Despite the small differences 
in absolute age, both techniques are in close 
agreement in terms of the relative age differ-
ence between the three porphyries. The results 
of this study show that it is now possible to 
date Tertiary zircon by ELA-ICP-MS with an 
aggregate precision and accuracy that is com-
parable with SHRIMP, a significant advance 
on previous ICP-MS studies (cf. Compston, 
1999). 
DISCUSSION 
Figure 1. Location of Chuqulcamata mine In Antofagasta region of northern Chile. Three 
core samples used In this study are marked on pit map (modified from Lindsay et al., 1995; 
Reynolds et al., 1998). 
Both SHRIMP and ELA-ICP-MS resolve 
two igneous events at Chuquicamata (Fig. 2). 
The oldest and volumetrically dominant intru-
sion, the East porphyry, yields individual 
grain ages by both techniques that are slightly 
more scattered than expected from analytical 
uncertainty, reflecting either a small age 
spread, or more likely, some Pb loss (Fig. 3). 
The mean ELA-ICP-MS 206Pbl238U age of 
34.6 ± 0.2 Ma correlates well with the highest 
40Ar_39Ar ages of Reynolds et al. (1998) and 
a Re-Os molybdenite age of 34.8 ± 0.2 Ma 
(Mathur et al., 2000; J. Ruiz, 2000, personal 
commun.) for early mineralization (Fig. 4) . In-
trusion of the Bench and \.Vest porphyTies took 
place between 0.9 to 1.5 m.y. later, at 33 .3 ± 
0.3 and 33.5 ± 0.2 Ma, respectively. The dif-
ference in measured age between the oldest 
and youngest intrusions is significant at the 
95% confidence level. The ages of the Bench 
and the West porphyries cannot be resolved by 
either analytical technique (Fig. 2), nor are the 
two units distinguishable geochemically. They 
are texturally different, however, which in the 
past has been used as the basis to separate 
them. The new U-Pb data suggest that the 
Bench and West porphyries represent contem-
poraneous intrusions from a common magma 
source, both > 1 m.y. younger than the East 
porphyry. This second period of porphyry in-
trusion can be correlated with the period of 
potassic alteration documented by Reynolds et 
al. (1998) that has an average 40Ar-39Ar age 
of 33.4 ± 0.3 Ma. Lower 40Ar-39Ar ages of 
31.1 ± 0.3 Ma for quartz-sericite alteration 
(Reynolds et al., 1998) and a Re-Os isochron 
in scarce matrix; the West porphyry, a mon-
zogranite to granodiorite that contains visibly 
spaced phenocrysts set in a saccaroidal ma-
trix; and the Bench porphyry, a monzodiorite 
with a bimodal distribution of phenocryst size 
set in an aphanitic matrix (Aracena, 1981). 
Volurnettically, the East porph;Ty dorrJnates 
the Chuquicamata Intrusive Complex, where 
there are only minor West and Bench porphy-
ry occurrences. The West porphyry crops out 
in the: north of the pit, but its boundaries have 
not been clearly delimited. The Bench por-
phyry crops out along the eastern flank of the 
mine as a series of north-trending dike-like 
bodies offset by later faults. East of the Chu-
quicamata Intrusive Complex, but within the 
mine, a poorly defined contact is made with 
the barren Elena Granodiorite (Lindsay et al., 
1995) and East Granite. 
METHOD 
The zircons analyzed in this study were 
separated from 2 kg samples of each unit col-
lected from drill cores (Fig. 1), mounted in 
epoxy and polished. Using cathodoluminesc-
ence and optical microscopy, care was taken 
to ensure that the least-fractured, inclusion-
free z:ones in zircon were analyzed. Even so, 
both Pb loss and inheritance were encoun-
tered. Dating by ELA-ICP-MS followed a pro-
cedur·e modified from Horn et al. (2000,) as 
outlined in the Appendix. Data were acquired 
in three separate 8 h analytical sessions sev-
eral weeks apart. Zircons from the three mine 
porphyries were analyzed in a rotation that in-
cluded standard zircon SL13 (Claoue-Long et 
al., 1995) and standard silicate glass NIST 
SRM 612 (Pearce et al., 1997). 
Ziricon dating by SHRIMP followed well-
384 
established analytical procedures (Claoue-
Long et al., 1995). Zircons from the three 
mine porphyry units and reference zircon AS3 
(206Pbf238U = 0.1859; Paces and Miller, 1993) 
were analyzed in rotation during a single 22 
h analytical session, making the measurement 
of any age diffeiences independent of errors 
in Pb/U calibration (0.27% ). Further details of 
the method are outlined in the Appendix. 
RESULTS 
The results are summarized in Tubles 1 and 
2 and individual spot analyses are available 
from the data repository. 1 The mean U-Pb zir-
con ages of individual intrusions differ slight-
ly between the two analytical methods, the 
SHRIMP ages being 1.5%-2.5 % older. This 
most likely arises through a combination of 
the analytical biases specific to each instru-
ment, and procedural differences, in particular 
the standards and methods used to correct for 
instrument drift, elemental and isotopic frac-
1GSA Data Repository item 2001042, SHRIMP 
U-Th-Pb isotopic data for zircon from the Chuqui-
camata copper deposit, is available from Documents 
Secretary, GSA, P.O. Box 9140, Boulder, CO 
80301-9140, editing@geosociety.org, or at 
www.geosociety.org/pubs/ft2001 .htm. 
TABLE 1. 206Pb/238U AGES FOR MINE PORPHYRIES 
No. of SHRIMP MSWD No. of 
analyses Age* analyses 
(Ma) 
East 15 35.2 :t 0.4 2.77 68 
West 10 34.0 :t 0.3 1.00 73 




34.6 :t 0.2 3.29 
33.5 :t 0.2 1.96 
33.3 :t 0.3 7.92 
Note: The SHRIMP (sensitive high-resolution ion microprobe) uncertainties include Pb/U calibration, but the 
ELA-ICP-MS (excimer laser-ablation-inductively coupled plasma-mass spectrometry) do not. 
*All uncertainties are 95% confidence limlts. 
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TABLE 2. MINE PORPHYRY AGES FROM THREE ELA·ICP·MS ANALYTICAL SESSIONS 




34.5 ± 0.3 3.26 34.5 ± 0.4 3.64 
1.46 
2.12 
34.4 ± 0.4 
33.6 ± 0.2 




33.8 ± 0.4 4.07 33.6 ± 0.3 
33.8 ± 0.4 3.01 33.0 ± 0.4 
Note: Ages are Ma. ELA·ICP·MS is excimer laser-ablation-inductively coupled plasma-mass spectrometry. 
•Apparent small discrepancies between the mean ages for the East and West porphyries for the individual 
days and the pooled days are due to different grains being culled when data from only one analytical session 
are considered; see Data Repository material (footnote 1 in text). 
age for associated pyrite at 31 ± 2 Ma (Ma-
thur et al., 2000) indicate an even younger hy-
drothermal event. 
The, agreement between zircon U-Pb, mo-
lybdenite Re-Os, and the highest biotite 40 Ar-
39 Ar ages in the East porphyry requires that 
this unit cooled from near 800 °C (the zircon 
crystallization temperature), through 500 ± 
50 °C (the inferred closure temperature for Re-
os in molybdenite; Suzuki et al., 1996), to 
below 300 ± 50 °C (the closure temperature 
for Ar in biotite) in < 0.5 m.y. Furthermore, 
the similarity between the U-Pb zircon ages of 
the Bench and West porphyries and the aver-
age 40 Ar-39 Ar age of potassic alteration sug-
gests that these porphyries cooled from -800 
°C to below 300 °C in a comparable interval 
of time. This evidence suggests a cooling rate 
of at least 1000 °C/m.y. (Fig. 5), which is an 
order of magnitude faster than the rate esti-
mated. by Reynolds et al. (1998) based on the 
40Ar_39 Ai system. Note that neither cooling 
trajectory passes through the age of youngest 
sericitic alteration. We suggest that this youn-
gest period of hydrothermal alteration may 
have 'been produced by a fourth, perhaps un-
exposed, igneous intrusion ca. 31.4 Ma. The 
extrapolation of the inferred youngest cooling 
curve passes through the He apatite closure 
tempe~rature of 75 ± 25 °C ca. 31 Ma (Mc-
East porp ry 
Bench porphyry 
33 34 35 36 
SHRIMP Age (Ma) 
Figure 2. Sensitive high-resolution Ion ml-
croprobe (SHRIMP} and Exclmer laser-abla-
tlon-lnductlvely coupled plasma-mass 
specltrometry (ELA-ICP-MS) U-Pb geochro-
nolo11y both resolve two Igneous Intrusive 
events. East porphyry Intruded at - 34.6 Ma, 
- and Bench and West porphyries Intruded ca. 
33.3 and 33.5 Ma, respectively. 
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Innes et al., 1999), thus constraining all sub-
sequent fluid-rock interactions in the deposit 
to very low temperatures. 
The cooling rates inferred for the Chuqui-
camata porphyries agree well with the thermal 
calculations of Cathles et al. (1997) for kilo-
meter-scale shallow-level intrusions. For ex-
ample, a 2 km wide by 3 km tall igneous body 
emplaced 4 km below the surface will cool 
through the first 75% of its thermal history at 
an average rate of 5000 °Clm.y. by conduction 
alone. Hydrothermal circulation will result in 
convective cooling rates 2-10 times faster 
than this, depending on the permeability of the 
intrusion and its country rocks. Such thermal 
models predict that the lifetime of a hydro-
thermal system driven by a shallow-level in-
0.08 
A 




~ ~ 0.06f------+--"'-<"T~ ... -.---+--1 
Q,, 0.04 
lil 
0.02 40 35 30 
West porphyry 
0.02 40 35 30 
East porphyry 
150 160 170 180 190 200 210 220 
231U!'°'Pb 
Figure 3. Concordia plots of Bench, West, 
and East porphyries by sensitive hlgh-ras-
olutton Ion mlcroprobe (SHRIMP} (white} 
and Exclmer laser-ablation-Inductively cou-
pled plasma-mass spectrometry (ELA-ICP-
MS} (black}, see text. ELA-ICP-MS data are 
uncorrected for common Pb, whereas 
SHRIMP data have been 204Pb corrected. 
Only data Included In age calculation are 
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Figure 4. A: 40Ar-30Ar age data (modified 
from Reynolds et al., 1998) and Re-Os 
Mo-mlnerallzatlon age data (J. Ruiz, 
2000, personal commun.; Mathur et al., 
2000) for Chuqulcamata mine porphy-
ries. B-D: Bench, West, and East porphy-
ry age data by sensitive high-resolution 
Ion mlcroprobe (SHRIMP} (gray} and by 
Exclmer laser-ablation-Inductively cou-
pled plasma-mass spectrometry (ELA-
ICP-MS) (black}, see text. SHRIMP anal-
yses have been superimposed on 
ELA-ICP·MS data for ease of compari-
son. Only data Included In age calcula-
tion are shown for the ELA·ICP-MS. 
trusion will be -0.1 m.y. or less. Because the 
Chuquicamata mine porphyries were em-
placed at least 1 m.y. apart, each must have 
been accompanied by a temporally and, to 
some extent, spatially distinct magmatic-hy-
drothermal system. It is reasonable to con-
clude that the superposition of two or more 
such magmatic-hydrothermal systems gener-
ated the irregular alteration zoning and ex-
traordinary size of the Chuquicamata deposit. 
APPENDIX 
Laser ablation was conducted by a pulsed 
ArF LambdaPhysik LPX 120I UV Excirner la-
ser operated at a constant voltage, between 21 
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Figure 5. Thermal (T, temperature) history of 
Chuqulcamata Intrusive Complex based on 
new zircon U-Pb ages and previous data as 
discussed In the text (Zr-zircon, Mo-mo-
lybd1mlte, Kt-potassium feldspar, 81-blo-
tlte, Hr-serlclte, Ap-apatlte ). Age error el-
lipses are 2 a, except for apatite ages that 
equal 1 a. Near vertical lines represent In-
ferred cooling histories of ca. 34.6 Ma, ca. 
33.4 Ma, and ca. 31 Ma Intrusive events. Ar-
rows shown In top left Indicate cooling rates 
In 'C/m.y. 
and 23 kV, at 5 Hz. The spot diameter was 29 
µm. The ablated material was carried by He-
AI gas from a custom-designed sample cell 
and flow homogenizer to a Fissions VG 
Plasma Quad II+ ICP-MS. Raw count rates for 
IOJ3, 29Si, 96-zr, 206Pb, 201Pb, 2ospb, 232Th, and 
238U were collected in time-resolved mode. 
Because of a relatively high 204Hg blank, 
204pb was not measured. The integration time 
for the 3 Pb isotopes was 102.4 ms, whereas 
for the other isotopes it was 20.48 ms sam-
pling at 1 point per peak. Data were acquired 
for 20 s with the laser off and 40 s with the 
laser on, giving - 120 mass scans for a pen-
etration depth of -20 µrn. 
Corrections were made for mass bias drift, 
isotopic fractionation, and common Pb. After 
triggering, it took three to four mass scans for 
the counts to reach a steady signal, so these 
initial data were excluded. Depth-dependent 
intere.Jement fractionation of Pb, Th, and U, 
documented by previous workers (e.g., Hirata 
and Nesbitt, 1995; Horn et al., 2000), were 
corrected by reference to standard zircon 
SL13. Measured 207Pb!206Pb, 206Pbl238U, and 
20spbf232Th ratios in SL13 were averaged over 
the course of the analytical session and used 
to calculate correction factors. These correc-
tion factors were then applied to each sample 
to correct simultaneously for instrumental 
mass bias and depth-dependent elemental and 
isotopic fractionation. Common Pb was sub-
tracted after drift, mass bias, and depth-depen-
dent fractionation corrections. The common 
Pb corrections initially were based on the dif-
ference between the measured and expected 
2ospbf206Pb, given the measured 208pbf232Th, 
according to methods of Compston et al. 
(1984 ). This showed most analyses to be con-
386 
cordant within analytical uncertainty, so the 
206Pbf238U ratios were then calculated by cor-
recting for common Pb using 207Pb!206Pb and 
assuming concordance. Data that were more 
than 5% discordant were not used in age de-
terminations. The remaining data were exam-
ined using cumulative probability plots. Old 
outliers were interpreted to be inherited grains 
and young outliers were attributed to lead loss. 
The mean square of weighted deviates 
(MSWD) for all the ELA-ICP-MS samples, 
and the East porphyry by SHRIMP, are above 
the limit for a single population (Table 1). The 
MSWD for the SHRIMP data is reduced if the 
sample is interpreted to contain zircons with 
two ages, one at 34.4 ± 0.2 Ma and the other 
at 35.5 ± 0.2 Ma. However this interpretation 
is not unique and it is inconsistent with the 
unimodal distribution of the ELA-ICP-MS 
data. The high MSWD of the ELA-ICP-MS 
data is due in part to unquantified errors as-
sociated with standardization and, in part, to 
pooling data from three analytical sessions 
with variable drift. The MSWD values for in-
dividual days are appreciably less and range 
between 1.46 and 4.07. 
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Leucocratic intrusion 


































Pb= analysis rejected on the basis of lead loss 
inher =analysis rejected on the basis of inheritance 
discord = analysis shown to be more than 5 % discordant 
>obs:exp =the observed to expected ratio of the analysis is greater than 2 
Day= analytical date 
ID= spot identification number for ELA-ICP-MS analyses 










- - -- - - -
Appendix IX: U-Th-Pb data 
DETAILS OF CULLED ANALYSES ~TAKEN FROM APPENDIX SECTION 42 
Rejected anal:z'.ses 
ID % {Total-Rejected2/Total Total anal:z'.ses Pb-loss Inherited Analytical* Rejected anal:z'.ses 
Radomiro 74 38 2 4 4 10 
Tomiie - Minor 
Radomiro 85 40 4 6 
Tomiic - Major 
Bench 70 115 11 22 34 
porphyry 
West porphyry 65 117 8 18 15 41 
East porphyry 62 114 9 5 29 43 
Elena 23 40 6 9 16 31 granodiorite 
Los Picos 63 147 27 19 9 55 
Fortuna Gris 49 45 8 3 12 23 
Fortuna Clara 56 43 2 7 10 19 
San Lorenzo 64 47 3 7 7 17 
porphyry 
Leucocratic 70 43 4 8 13 intrusion 
Op ache 29 38 6 6 15 27 porphyry 
Pajon:al diorite 73 33 0 0 9 9 
Dark diorite <!.C 1(\ ,., 1 A 1'"7 :m ::J":1 L. l 't l I 
Central diorite 72 39 6 0 5 11 
Apolo 68 37 2 2 8 12 leucogranite 
Aplite 63 40 5 2 8 15 
Equis 79 39 4 2 2 8 
monzodiorite 
South 44 43 6 7 11 24 
granodiorite 
El Abra mine 55 33 2 6 7 15 porphyry 
Mont(~cristo 39 41 6 8 11 25 
intrusion 
*Analyses rejected on the basis of discordance and/or an observed to expected error ratio in excess of 2, as 







































29-Nov-OO 521-15 1744 3 6 977 5 3 
21-Jan-OO 521.l 
21-Jan-OO 521.16 






29-Nov-OO 521-03 455 11 387 15 
21-Jan-OO 521.28 




4-Dec-00 521-18 302 5 286 6 




29-Nov-00 521-07 493 1 2 599 15 
28-Jun-OO 521-1 
28-Jun-OO 521-17 
29-Nov-OO 521-10 1078 1 0 248 3 0 
28-Jun-OO 521 -9 
IO-Jul-00 521-12 
21-Jan-OO 521.9 
10-Jul-OO 521 -3 
21-Jan-OO 521.28 
4-Dec-00 521-27 
4-Dec-00 521-20 379 4 381 5 
4-Dec-00 521-16 411 6 436 7 
28-Jun-OO 521-29 
29-Nov-OO 521 -13 428 3 482 4 
28-Jun-OO 521-28 




26-Aug-OO 521-8 486 8 656 15 
232 r s uncorr'd 














































0.0062 0.0000 0.040 
0.0062 0.0000 0.040 
0.0063 0.0001 0.045 
0.0062 0.0001 0.038 
0.0062 0.0000 0.039 
0.0063 0.0001 0.041 
0.0066 0.0001 0.040 
0.0063 0.0000 0.047' 
0 .0063 0.0001 0.042 
0.0063 0.0000 0.042 
0.0064 0.0000 0.050 
0.0063 0.0001 0.039 
0.0063 0.0001 0.035 
0.0063 0.0000 0.041 
0.0064 0.0000 0.047 
0.0064 0.0000 0.042 
0.0064 0.0001 0.047 
0.0066 0.0001 0.044 
0.0064 0.0001 0.043 
0.0064 0.0001 0.039 
0.0065 0.0001 0.040 
0.0064 0.0001 0.043 
0.0064 0.0001 0.043 
0.0064 0.0001 0.041 
0.0064 0.0001 0.044 
0.0064 0.0000 0.040 
0.0066 0.0001 0.046 
0.0064 0.0001 0 .042 
0.0065 0.0001 0.041 
0.0064 0.0001 0.041 
0.0064 0.0001 0.039 
0.0064 0.0001 0.041 
0.0065 0.0001 0.045 
0.0065 0.0000 0.042 
0.0065 0.0000 0.040 
0.0065 0.0000 0.041 
0.0065 0.0001 0.044 
0.0065 0.0000 0.040 
0 .0066 0.0001 0.051 
0.0066 0.0001 0.061 
0.0066 0.0001 0.054 
0.040 0.0020 0.00002 
0.001 0.0020 0.00002 
0 .045 0.0020 0.03278 
0.069 0.0020 0.02817 
0.025 0.0020 0.00002 
0.050 0.0020 0.00003 
0.043 0.0021 0.00004 
0.030 0.0020 0.00002 
0.051 0.0020 0.01832 
0.025 0.0020 0.00002 
0.002 0.0023 0.00006 
0.076 0.0021 0.03610 
0.043 0.0020 0.00004 
0.020 0.0020 0.00001 
0.051 0.0020 0.00005 
0.036 0.0020 0.00003 
0.002 0.0021 0.00005 
0.035 0.0021 0.00003 
0.032 0.0020 0.00003 
O.Q78 0.0021 0.02324 
0.039 0.0021 0.00003 
0.001 0.0021 0.00003 
0.019 0.0021 0.00001 
0.041 0.0020 0.00006 
0.001 0.0024 0.00006 
0.025 0.0020 0.00002 
0.037 0.0021 0.00004 
0.048 0.0020 0.02819 
0.035 0.0021 0.00003 
0.069 0.0021 0.03040 
0.002 0.0021 0.00015 
0.001 0.0021 0.00003 
0.002 0.0021 0.00003 
0.027 0.0020 0.00005 
0.001 0.0020 0.00003 
0.030 0.0021 0.00002 
0.002 0.0021 0.00004 
0.031 0.0021 0.00002 
0.133 0.0022 0.04839 
0.091 0.0023 0.00008 
0.062 0.0022 0.00004 
uncorr'd 
206 438 






































































































































































































































































































































































Code Day ID 
21-Jan-00 521.17 
10-Jul-OO 521-29 





4-Dec-00 521-23 504 8 309 5 
29-Nov-OO 521-08 263 6 134 4 
10-Jul-OO 521-23 
28-Jun-00 521-27 






4-Dec-00 521-14 332 5 341 5 
29-Nov-OO 521-06 573 11 633 13 
>obs:exp 28-Jun-00 521-21 
10-Jul-OO 521-10 
4-Dec-00 521-26 
26-Aug-OO 521-1 762 22 1291 68 




>obs:exp 28-Jun-OO 521-2 





4-Dec-00 521-24 515 10 330 7 
29-Nov-OO 521-01 356 3 354 4 
4-Dec-00 521-27 
28-Jun-OO 521-18 
4-Dec-00 521-25 546 9 489 9 




29-Nov-OO 512-12 591 6 846 9 
10-Jul-OO 521-21 
232 J38 uncorr'd 
Th U 206PbJ38U :': 
1.52 0.0065 0.0001 
1.40 0.0066 0.0000 
1.43 0.0065 0.0000 
0.63 0.0065 0.0000 
0.53 0.0065 0.0001 
1.67 0.0066 0.0000 
1.42 0.0065 0.0000 
0.68 0.0065 0.0000 
0.99 0.0065 0.0001 
1.02 0.0064 0.0001 
1.20 0.0065 0.0001 
1.23 0.0065 0.0001 
1.55 0.0066 0.0001 
1.05 0.0065 0.0000 
1.13 0.0065 0.0001 
1.00 0.0065 0.0000 
1.00 0.0065 0.0001 
0.0065 0.0000 
1.74 0.0065 0.0001 
1.00 0.0065 0.0001 
1.28 0.0065 0.0000 
0.95 0.0067 0.0001 
1.05 0.0066 0.0001 
0.61 0.0066 0.0000 
1.04 0.0065 0.0000 
1.47 0.0066 0.0001 
1.02 0.0066 0.0001 
1.26 0.0066 0.0001 
2.01 0.0066 0.0001 
0.66 0.0066 0.0000 
1.02 0.0066 0.0000 
0.62 0.0065 0.0000 
1.12 0.0066 0.0001 
0.92 0.0065 0.0001 
1.27 0.0068 0.0001 
1.28 0.0066 0.0001 
1.19 0.0066 0.0001 
0.54 0.0064 0.0001 
1.47 0.0066 0.0000 





Pbr2T h :': 
0.042 0.080 0.0020 0.03870 
0.041 0.032 0.0021 0.00003 
0.039 0.027 0.0021 0.00001 
0.044 0.001 0.0021 0.00004 
0.038 0.002 0.0022 0.00007 
0.042 0.039 0.0021 0.00003 
0.044 0.033 0.0020 0.00002 
0.042 0.001 0.0020 0.00003 
0.044 0.002 0.0021 0.00004 
0.043 0.049 0.0021 0.00004 
0.036 0.087 0.0020 0.02802 
0.042 0.062 0.0021 0.03496 
0.042 0 .031 0.0021 0.00003 
0.044 0.001 0.0021 0.00003 
0.044 0.002 0.0020 0.00003 
0.042 0.013 0.0021 0.00002 
0.043 0.045 0.0020 0.00004 
0.039 0.002 0.0021 0.00005 
0.041 0.032 0.0021 0.00003 
0.042 0.001 0.0021 0.00004 
0.042 0.038 0.0021 0.00002 
0.040 0.044 0.0021 0.00003 
0.051 0.060 0.0021 0.00005 
0.044 0.023 0.0021 0.00002 
0.039 0.001 0.0021 0.00003 
0.045 0.048 0.0020 0.02160 
0.030 0.043 0.0021 0.00004 
0.041 0.042 0.0020 0.00003 
0.041 0.054 0.0020 0.02905 
0.042 0.001 0.0020 0.00003 
0.043 0.001 0.0021 0.00003 
0.037 0.002 0.0021 0.00004 
0.042 0.030 0.0021 0.00003 
0.039 0.001 0.0021 0.00003 
0.070 0.117 0.0024 0.05654 
0.041 0.045 0.0020 0.02073 
0.047 0.092 0.0021 0.02853 
0.043 0.043 0.0021 0.00005 
0.042 0.001 0.0021 0.00002 




















































































































































































































































































































Code Day ID 
21 -Jao-OO S21.19 






26-Aug-OO S21-9 486 7 621 9 
4-Dec-00 S21-1S 3SO 4 362 S 
21-Jao-OO S21.l l 
28-Juo-OO S21-16 
IO-Jul-00 S21-18 
26-Aug-OO S21-10 3S l 3 36S 4 
21-Jao-OO S20.3 
4-Dec-00 S21-13 30S 4 312 4 
4-Dec-00 S21-ll 282 S 284 S 
discord 10-Jul-OO S21-7 
21-Jao-OO S20.4 
4-Dec-00 S21-21 410 6 430 7 
discord 4-Dec-00 S21-22 S26 1 1 442 9 





>obs:exp IO-Jul-00 S21-14 




26-Aug-OO S21-6 422 10 S47 13 
>obs:exp 21-Jao-OO S21.S 
28-Juo-OO S21-26 
29-Nov-00 S21-02 29S 9 342 10 
4-Dec-00 S21-12 270 3 276 3 
IO-Jul-00 S21-19 
26-Aug-OO S21-7 631 19 836 30 
discord 21-Jao-OO S21.24 
>obs :exp 28-Juo-OO S21-14 





10-Jul-OO S21-1 7 
232 413 uocorr'd uocorr'd 
Thi U 206 '.;133 

















































































0.0064 0.0000 0.042 
0.0066 0.0001 0.038 
0.0066 0.0000 0.042 
0.0066 0.0001 0.040 
0.0067 0.0001 0.04S 
0.0067 0.0001 0.04S 
0.0067 0.0000 0.04S 
0.0067 0.0002 O.OS3 
0.0066 0.0001 0.042 
0.0066 0.0001 0.042 
0.0066 0.0001 0.039 
0.0066 0.0000 0.041 
0.0067 0.0000 0.042 
0.0067 0.0001 0.043 
0.0067 0.0001 0.044 
0.0067 0.0001 O.OS2 
0.0067 0.0001 0 .042 
0.0067 0.0000 0.043 
0.006S 0.0001 0.040 
0.0067 0.0001 0.04S 
0.0067 0.0001 0.042 
0.0067 0.0001 0.048 
0.006S 0.0000 0.042 
0.119 0.0022 O.OS682 
0.039 0.0021 0.00003 
0.089 0.0021 0.00008 
0.040 0.0021 0.00004 
0.001 0.0021 0.00002 
0.07S 0.0022 0.08613 
0.033 0.0021 0.00002 
0.066 0.0020 O.OOOOS 
0.03S 0.0020 0.00004 
0.101 0.0021 0.02S6S 
0.001 0.0020 0.00003 
0.002 0.0021 0.00003 
0.043 0.0021 0.00003 
0.213 0.0020 0.03243 
0.002 0.0021 0.00003 
0.001 0.0024 0.00004 
0.001 0.0021 0.00002 
0.034 0.0019 0.00002 
0.03S 0.0021 0.00003 
0.069 0.0021 0.04768 
0.017 0.0021 0.00002 
0.043 0.0021 o.oooos 
O.OSO 0.0021 o.oooos 
O.OS8 0.0023 O.OOOOS 
0.027 0.0021 0.00004 
0.066 0.0023 0.00006 
0.041 0.0022 0.00004 
0.061 0.0021 0.060S2 
0.083 0.0022 0.00004 
0.001 0.0022 0.00002 
0.001 0.0021 0.00003 
0.026 0.0021 0.00002 
0.039 0.0021 0.00004 
0.049 0.0023 O.OS292 
0.038 0.0021 0.00003 
0.001 0.0021 0.00002 
0.031 0.0020 0.00003 
0.064 0.0020 0.03S94 
O.OS6 0.0020 0.02261 
0.123 0.0024 0.047Sl 
0.037 0.0021 0.00002 
uocorr'd 
206 }33 












































































































































































































































































































































































26-Aug-OO 521-4 461 12 610 18 
4-Dec-00 521-9 439 1 1 482 1 3 
inher 26-Aug-OO 521-2 238 7 178 6 
inher 21-Jan-OO 521.23 
inher 4-Dec-00 521-7 346 4 369 5 
inher 21-Jan-OO 521.29 
inher 26-Aug-OO 521-5 307 5 359 6 
inher 4-Dec-00 521-10 406 9 434 1 0 
inher 29-Nov-OO 521-09 551 13 699 22 
inher 4-Dec-00 521-5 484 8 499 9 
inher 21-Jan-OO 521.18 
inher 4-Dec-00 521-3 576 8 586 9 
inher 4-Dec-00 521-4 552 1 0 563 11 
inher 4-Dec-00 521-2 532 9 543 1 0 
inher 29-Nov-OO 521-05 319 20 328 21 
inher 4-Dec-00 521-1 540 1 1 551 1 2 
inher 4-Dec-00 5 21-6 3 8 8 1 1 418 1 2 
inher 4-Dec-00 521-30 
inher 10-Jul-OO 521-24 
inher 26-Aug-OO 521-3 337 6 225 8 
inher 10-Jul-OO 521-30 
uncorr'd 2nT J3s uncorr'd 
h U 206Pbl3sU 
.:':: 201 Pbl3sU .:':: 
uncorr'd 
208












































0.0067 0.0001 0.037 
0.0068 0.0001 0.044 
0.0068 0.0000 0.043 
0.0068 0.0001 0.045 
0.0068 0.0001 0.043 
0.0068 0.0001 0.046 
0.0068 0.0000 0.043 
0.0069 0.0000 0.043 
0.0069 0.0000 0.044 
0.0069 0.0001 0.040 
0.0069 0.0000 0.045 
0.0070 0.0000 0.044 
0.0070 0.0001 0.041 
0.0065 0.0001 0.044 
0.0075 0.0001 0.103 
0.0067 0.0001 0.048 
0.073 0.0021 0.03207 
0.073 0.0022 0.03961 
0.087 0.0021 0.04296 
0.146 0.0022 0.04679 
0.034 0.0022 0.00004 
0.001 0.0021 0.00002 
0.059 0.0022 0.00006 
0.059 0.0021 0.02651 
0.001 0.0021 0.00002 
0.085 0.0020 0.03919 
0.043 0.0021 0.00004 
0.001 0.0021 0.00002 
0.002 0.0022 0.00003 
0.001 0.0022 0.00003 
0.067 0.0021 0.03015 
0.001 0.0022 0.00002 
0.001 0.0022 0.00002 
0.001 0.0022 0.00002 
0.002 0.0023 0.00004 
0.001 0.0022 0.00002 
0.001 0.0022 0.00003 
0.002 0.0021 0.00004 
0.032 0.0020 0.00003 
0.115 0.0035 0.00050 
0.040 0.0022 0.00005 
uncorr'd 
206 7,38 






































































































































































































































Code Day ID u ± (ppm) 
Th + 
(ppm) -
232 }38 uncorr'd 
Th U 206 ZJS 
Pb/ U 
uncorr'd 
::!: 201 PbJ3su ± 
uncorr'd 
2os Pbl32T h ::!: 
206 Z38 




2osPbJ32T h 206PbJ3su 
age age ::!: age ± 
discord 26-Aug-OO 576-7 79 0 59 0.77 0.0058 0.00013 0.061 0.1019 0.0021 0.00013 37.5 0.83 60.5 5.98 42.4 2.53 
Pb 21-Jan-OO 576.37 
Pb 21-Jan-OO 576-8 
Pb 21-Jan-OO 576.24 





Pb 26-Aug-OO 576-10 6 8 42 0.64 
0.73 
0.96 
Pb 26-Aug-OO 576-3 6 8 48 
Pb 26-Aug-OO 576-5 





21-Jan-OO 576. l 
26-Aug-OO 576-6 
21-Jan-OO 576.19 
discord 21-Jan-OO 576.14 
26-Aug-OO 576-5 








discord 21-Jan-OO 576.4 
154 3 144 3 
125 130 







219 1 7 15 2 1 4 0. 71 
1.16 
1.08 










0.0069 0.00063 0.066 0.1681 0.0015 0.14501 37.2 0.89 42.l 7.58 40.7 3.16 
0.0059 0.00010 0.044 0.0813 0.0020 0.00007 37 .8 0 .61 43.5 3.46 39.6 1.48 
0.0064 0.00022 0.063 0.1365 0.0020 0.07195 37 .8 1.27 43.2 8.64 39.4 2.49 
0.0062 0.00033 0.069 0.2320 0.0026 0.10677 38.9 0.75 62.5 12.49 47.2 5.25 
0.0061 0.00014 0.063 0.1396 0.0019 0.00014 38.9 0.92 62.2 8.43 38.0 2.73 
0.0060 0.00011 0.058 0.0863 0.0019 0.00012 38.8 0.69 57 .6 4.83 38.2 2.37 
0.0059 0.00013 0.043 0.1160 0.0019 0.00010 38.2 0.84 42.9 4.88 39.0 2.05 
0.0064 0.00017 0.054 0.1614 0.0019 0.08238 39.5 1.33 65.4 8.22 47.7 3.15 
0.0060 0.00009 0.045 0.0985 0.0020 0.00007 38.4 0.61 44.3 
0.0059 0.00008 0.032 0.0964 0.0020 0.00007 37.8 0 .50 31.7 







0.0061 0.00015 0.062 0.1107 0.0022 0.06101 38.7 1.15 48.0 6.60 40.2 2.82 
0.0062 0.00023 0.039 0.1748 0.0025 0.11810 39.5 0.94 61.4 6.59 45.8 2.82 
0.0060 0.00006 0.047 0.0752 0.0021 0.00008 38.7 0.40 46.2 3.40 41.7 1.64 
0.0065 0.00010 0.043 0.1078 0.0020 0.02926 40.0 2.08 67.5 15.16 53.8 5.59 
0.0059 0.00013 0.039 0.2339 0.0017 0.05254 39.2 1.35 48.3 11.78 37 .9 3.09 
0.0075 0.00020 0.238 0.1604 0.0061 0.00047 48.4 1.27 216.7 31.31 122.0 9.43 
0.0068 0.00051 0.051 0.2849 0.0020 0.12092 41.1 1.31 79.3 10.28 41.0 3.06 
0.0060 0.00014 0.025 0.2254 0.0018 0.06032 41.8 1.15 89.2 12.96 37.7 3.62 
0.0060 0.00017 0.031 0.2139 0.0018 0.06567 
0.0062 0.00013 0.049 0.1130 0.0019 0.05348 
0.0065 0.00082 0.020 0.1289 0.0019 0.20893 
0.0071 0.00037 0.096 0.1730 0.0026 0.14015 
0.0058 0.00014 0.042 0.1838 0.0020 0.07693 
0.0063 0.00015 0.056 0.1054 0.0020 0.06386 






























































































Code Day ID 
26-Aug-OO 576-1 
21-Jan-OO 576.13 
discord 21-Jan-OO 576.11 
26-Aug-OO 576-2 
21 -Jan-OO 576.17 
discord 21-Jan-OO 576.16 
21-Jan-OO 576.2 




discord 21-Jan-OO 576.27 
>obs:exp 21-Jan-OO 576.35 
inher 21-Jan-OO 576.36 
inher 21-Jan-OO 576.6 
inher 21-Jan-OO 576.26 
>obs:exp 21-Jan-OO 576.11 
discord 21 -Jan-OO 576.21 
u ± Tb + (ppm) (ppm) 
92 73 





± 201 Pbl3sU :!: 
232 }38 uncorr'd 
Tb U 206 238 
Pb/ U 
uncorr'd 208 232 
Pb/ Th 
206 Z38 











age age :!: ± 


















0.0061 0.00021 0 .049 0.2499 0.0019 0.08515 41.8 1.51 68. 7 13.92 38.6 4.01 
0.0065 0.00024 0.042 0.2853 0.0018 0.09245 41.2 1.10 53.9 8.47 37.7 2.33 
0.0064 0.00023 0.043 0.0626 0.0022 0.00043 40.9 1.46 42.9 2.63 45 .3 8.66 
0 .0065 0.00024 0.070 0.2095 0.0019 0.10088 41.4 0.53 43.6 2.16 41.8 1.42 
0.0061 0.00012 0.063 0.2062 0.0024 0.10700 41.5 1.51 41.5 11.60 35 .9 3.39 
0.0061 0.00017 0.041 0.1272 0.0019 0.07237 41.8 0.63 43 .0 4.54 40.5 0 .89 
0.0062 0.00021 0.067 0.1297 0.0024 0.08331 43.8 8.04 75 .0 54.03 32.4 1.71 
0.0061 0.00028 0.059 0.1689 0.0018 0.09325 45.5 2.35 92.6 15.32 52.9 3.27 
0.0069 0.00100 0.047 0.1744 0.0024 0.22319 44.1 4.02 64.9 10.57 28.9 2.97 
0.0065 0.00018 0.092 0.1517 0.0018 0.10339 43.4 3.24 50.8 14.12 39.l 0.74 
0.0064 0.00008 0.044 0.0506 0.0021 0.03179 44.2 6.39 46.9 8.00 45.0 0.70 
0.0064 0.00020 0.081 0.1348 0.0021 0.09195 45.0 2.40 53.8 15.32 30.l 4.49 
0.0064 0.00019 0.067 0.1192 0.0022 0.05914 46. l 3.82 64. l 12.07 35. 7 4. 73 
0.0061 0.00014 0.031 0.1635 0.0019 0.13587 48.2 2.82 74.0 12.91 49 .6 1.30 
0.0059 0.00020 0.043 0.2042 0.0019 0.07261 47 .4 1.57 56.5 35 .05 46.0 8.02 
0.0068 0.00126 0.077 0.7474 0.0016 0.30649 50.5 4.58 75.3 13.22 68.9 30.77 











41.3 0 .54 
41.6 1.65 




























Code D ay ID 
Pb 21-Jan-OO 570.4 
Pb 21-Jan-OO 570.33 
>obs:exp 26-Aug-OO 570-5 
















+ 207 2,35 
- Pb/ U 
232 ~38 uncorr'd 
Th/ U 206 PbJ3su 
0.56 0.0057 0.00007 0.041 
± 
uncorr'd 




















0.56 0.0061 0.00025 0.084 0.1619 0.0022 0.13377 38.4 1.31 91.3 23.73 42.9 3.55 
124 2 l.ll 0.0058 0.00017 0.055 0.1660 0.0016 0.00010 37.4 1.11 54. l 8. 74 32.8 2.02 
75 0.87 
0.62 





0.0058 0.00011 0.046 0.1041 0.0018 0.00007 37 .3 0.68 45.9 4.67 35.8 1.47 
0.0066 0.00049 0.046 0.4591 0.0021 0.12630 39.5 1.58 82.2 12.78 44.5 5.44 
0.0058 0.00013 0.047 0.0752 0.0020 0.00010 37.5 0.83 46.6 3.43 40.5 2.05 
0.0059 0.00012 0.049 O.ll45 0.0021 0.00012 37.8 0.74 48.8 5.45 41.8 2.39 
0.0062 0.00019 0.052 0.1670 0.0016 0.08888 38.7 0.78 55 .7 5.94 42.6 2.74 
0.0063 0.00031 0.052 0.1864 0.0020 0.13555 40.0 1.70 76.7 23.45 48.9 5.54 
0.0065 0.00010 0.055 0.0867 0.0027 0.05560 38.0 1.44 40.5 7 .60 36.1 3.33 
discord 21-Jan-OO 570-6 8 6 2 5 5 2 0.66 0.0062 0.00025 0.080 0.2082 0.0021 0.00023 40.0 1.60 78.4 15.70 42.5 4.67 
21-Jan-OO 570.21 
21-Jan-OO 570-7 
discord 21-Jan-OO 570.6 
21-Jan-00 570.5 
discord 21-Jan-OO 570.19 
26-Aug-OO 570-10 139 
21-Jan-OO 570.37 
21-Jan-OO 570.27 
discord 21-Jan-OO 570.29 
21-Jan-OO 570.1 
21-Jan-OO 570.11 






















0.0061 0.00014 0.044 0.1468 0.0019 0.08692 39.1 1.16 53.4 7.62 41.7 2.46 
0.0061 0.00009 0.063 0.0881 0.0023 0.00011 39.5 0 .57 62.4 5.33 46.2 2.30 
0.0062 0.00016 0.052 0.1256 0.0019 0.06253 38.6 1.08 40.5 6.03 40.0 2.57 
0.0061 0.00013 0.051 0.1348 0.0020 0.09518 38.8 0.52 40.1 3.10 41.0 2.09 
0.0062 0.00014 0.040 0.1457 0.0019 0.09269 40.6 1.82 71.9 16.01 45.1 4.15 
0.0062 0.00015 0.057 0.1267 0.0026 0.00015 39. 7 0 .96 56.6 6.97 53.1 2.99 
0.0063 0.00023 0.058 0.1862 0.0022 0.09885 39.2 0.90 43.3 6.22 39.8 3.27 
0.0063 0.00028 0.073 0.2307 0.0024 0.11903 39.7 1.00 51.5 6.31 38.2 2.19 
0.0062 0.00026 0.078 0.3174 0.0023 0.13647 39.5 3.60 47.5 19.50 31.1 5.75 
0.0061 0.00016 0.038 0.1538 0.0023 0.08107 39.5 0. 79 46.0 4.39 37 .6 1.71 
0.0060 0.00027 0.109 0.2509 0.0026 0.14381 39.1 1.04 37.4 5.66 44.8 3.24 
0.0059 0.00022 0.041 0.1916 0.0018 0.10389 39.9 1.22 51.2 8.34 33.8 3.16 
0.0065 0.00011 0.050 0.0749 0.0024 0.04958 40.3 1.29 56.1 7 .14 44.3 2.43 
0.0063 0.00024 0.056 0.1621 0.0024 0.13185 40.3 1.52 55.3 8.73 45.0 4.62 
0.0060 0.00008 0.040 0.0790 0.0020 0.04797 39.8 0.83 44.8 4.27 37 .8 2.22 














































































21-Jan-OO 570. 7 
21-Jan-OO 570.8 
discord 21-Jan-OO 570.24 
discord 26-Aug-OO 570-9 
inher 21-Jan-OO 570-6 
inher 21-Jan-OO 570.23 
inher 21-Jan-OO 570.2 
inher 21-Jan-OO 570-4 
inher 21-Jan-OO 570.16 
inher 21-Jan-OO 570.14 
inher 21-Jan-OO 570.36 
21-Jan-OO 570.28 
>obs:exp 21-Jan-OO 570.12 
u 
(ppm) ± 
Th + 232ThJ3su 
(ppm) -


















206 PbJ3sU ± 
uncorr'd 
201 Pbl3su 
0.0062 0.00012 0.046 
± 
uncorr'd 











0.0062 0.00013 0.045 0.0973 0.0019 0.05949 40.7 1.98 51.9 9.42 
0.0063 0.00020 0.057 0.1308 0.0022 0.07391 40.8 1.42 42.2 8.64 
0.0061 0.00018 0.054 0.1464 0.0021 0.07878 40.8 0.77 37.2 3.56 
0.0060 0.00017 0.041 0.1517 0.0020 0.07460 41.9 0.66 54.4 4.59 
0.0063 0.00022 0.042 0.2088 0.0023 0.09800 41.7 0.71 49.6 3.63 










53.l 3 .29 
48 . l 1.95 
47.3 4.76 
0.0065 0.00037 0.039 0.2635 0.0021 0.00035 41.9 2.40 39.1 10.10 42.3 7.02 
0.0060 0.00012 0.056 0.1096 0.0021 0.06954 42.3 3.15 45.5 20.42 41.8 6.59 















0.0068 0.00044 0 .043 0.0783 0.0026 0.00024 44.0 2.80 42.6 3.27 52.7 4.89 44.1 
0.0063 0.00012 0 .037 0.0975 0.0021 0.03404 46.0 3.29 52.7 25.46 40.4 31.01 45.6 
0 .0061 0.00056 0.048 0.4203 0.0016 0.16549 47 .4 2.39 68.8 3.39 56.9 4.86 
0.0071 0.00065 0.076 0.2237 0.0032 0.09466 58.l 6.94 173.9 40.89 19.3 5.28 
46 . l 
50.8 














































21-Jan-00 565 .1 4 
26-Aug-OO 565-1 













discord 21-Jan-OO 565.31 
26-Aug-OO 565-8 
discord 21-Jan-OO 565.15 
21-Jan-OO 565.32 
64 2 3 7 
69 2 48 
127 2 93 
64 38 
133 124 




Pb! U ! 
uncorr'd 
206 238 
Pb/ U ± 
uncorr'd 
207 235 
Pb/ U + 
2n ~38 uncorr'd 







Pb! Th ! 
age age 
0.0068 0.00004 0.067 0.3501 0.0018 0.30462 36.7 1.45 89.9 15.32 45.2 3.37 
0.0061 0.00020 0.036 0.1581 0.0023 0.08765 37 .5 1.25 59.4 10. 75 36.3 2.19 
0.0062 0.00021 0.078 0.1496 0.0019 0.08106 38.2 1.30 70.0 10.68 44.l 3.66 
0.0061 0.00015 0.040 0.1763 0.0017 0.07945 38.3 1.98 70.3 14.73 50.8 5.26 
0.0059 0.00012 0.066 0.0726 0.0019 0.00012 38.2 0. 78 65.3 4.60 39.3 2.42 
0.0060 0.00015 0.058 0.1626 0.0020 0.07375 38.0 1.15 52.8 8.26 39.1 4.69 
0.0060 0.00013 0.065 0.1116 0.0020 0.00016 38.6 0.81 64.1 6 .93 40.4 3.25 
0.0065 0.00020 0.046 0.1371 0.0022 0.10473 39.5 1.32 76.0 10.96 38.6 3 .01 
0.0059 0.00020 0.071 0.1580 0.0022 0.09363 39.0 1.14 66.1 9.89 38.3 2.48 
0.0061 0.00012 0.072 0.1178 0.0021 0.00012 39.1 0. 78 70.8 8.06 42.9 2.34 
0.0063 0.00018 0.055 0.1657 0.0020 0.10373 38.6 0.96 56.8 8.98 39.5 2.62 













































0.0063 0.00013 0.033 0.1306 0.0019 0.04551 40.3 1.20 86.9 14.57 59.2 4.56 37.5 
0.0060 0.00012 0.053 0.1405 0.0018 0.08074 38.9 2.72 61.1 28.32 57.9 12.61 37.6 
0.0061 0.00012 0.039 0.1079 0.0021 0.06147 39.1 1.12 61.5 10.52 42.6 3.27 
0.0068 0.00024 0.045 0.1789 0.0021 0.09769 39.8 1.51 71.8 9.06 38. 7 3.54 
0.0060 0.00009 0.047 0.0773 0.0019 0.00007 38.5 0.60 46.8 3.54 37 .9 1.50 
0.0066 0.00123 0.014 0.9769 0.0014 0.23013 40.0 1.45 70.5 12.01 46.6 3.87 
0.0061 0.00018 0.079 0.1838 0.0022 0.11715 39.1 0.89 51.7 4.31 39.3 2.21 
0.0061 0.00017 0.062 0.1764 0.0021 0.08497 40.5 1.04 76.6 16.89 40.9 3.14 
0.0061 0.00011 0.054 0.1472 0.0021 0.00014 39.2 0.69 53.3 7.64 
0.0066 0.00033 0.114 0.1773 0.0018 0.15400 42.7 2.13 110.0 18.48 
0.0060 0.00009 0.042 0.0875 0.0021 0.00007 38.9 0.60 42.2 3.62 
0.0060 0.00025 0.063 0.1949 0.0017 0.10508 39.4 1.57 47 .6 10.27 
0.0063 0.00011 0.071 0.1116 0.0021 0.00015 40.5 0.69 69.8 7.53 
0.0071 0.00072 0.102 0.2233 0.0023 0.29112 39.0 0.98 39.4 6.81 





































































Code Day ID 
21-Jan-OO 565.12 
21-Jan-OO 565.35 




21-Jan-OO 565. l 
21-Jan-OO 565.17 
21-Jan-OO 565.7 
inher 21 -Jan-OO 565.3 
discord 21-Jan-OO 565.37 
inher 21-Jan-OO 565.l 
inher 21-Jan-OO 565.5 
discord 21-Jan-OO 565.2 
inher 21-Jan-OO 565.8 
discord 21-Jan-OO 565.36 
u ± Th + (ppm) (ppm) 
232 73s uncorr'd 
Th U 206Pb?3su 
uncorr'd 
+ 207 7,35 
- Pb/ U 
0.97 0.0061 0.00014 0.052 
:!: 
uncorr'd 
2os Pbl32T h :!: 
uncorr'd 
206p Z38 











0.0057 0.00023 0.093 0.1780 0.0024 0.10475 40.0 1.08 44.9 9 .22 
0.0059 0.00018 0.053 0.1606 0.0022 0.10444 40. l l.34 46.4 6.64 
uncorr'd 




























0.0060 0.00031 0.072 0.2169 0.0026 0.13379 40.2 0.82 33.3 4.27 38.6 1.24 40.6 
0.0061 0.00042 0.062 0.4775 0.0027 0.19626 41.5 l.30 45.6 6.11 43 .4 3.93 41.2 
0.0061 0.00018 0.067 0.1545 0.0019 0.06430 45.4 4.60 98.9 21.04 45.6 10.70 42.l 
0.0061 0.00024 0.048 0.2208 0.0020 0.09730 43.8 0.28 65.4 22.18 35.3 10.45 42.5 
0.0063 0.00013 0.060 0.1400 0.0018 0.06956 43.5 1.53 44.9 7 .86 41.4 3.94 43.4 
0.0058 0.00019 0.060 0.1864 0.0018 0.07410 42.6 7 .85 14.0 13.59 25 .8 0.44 
0.0062 0.00023 0.072 0.1765 0.0023 0.10087 45.l 1.65 42.0 l.51 32.0 4.21 




0.0058 0.00017 0.053 0.1262 0.0016 0.05788 45 .7 6.72 37.3 7.83 47.2 13.85 46.2 
0.0063 0.00016 0.078 0.2288 0.0020 0.08331 49 .4 1.13 73.3 18.54 37.1 3.94 47.9 
0.0059 0.00017 0.052 0.1811 0.0024 0.08011 46.9 4.40 26.4 7 .60 40. l 12.84 48. l 
































Code Day ID 
Pb 26-Aug-OO 530-7 
Pb 21-Jan-OO 530.1 




U Th 232 }38 ± ± Th U (ppm) (ppm) 
685 
7 1 





252 12 169 10 0.69 
21-Jan-OO 530.4 























21 -Jan-OO 530.5 
21-Jan-OO 530.24 
discord 26-Aug-OO 530-6 
21-Jan-OO 530.9 







discord 21-Jan-OO 530-4 
21 -Jan-OO 530.37 
21 -Jan-OO 530.2 
21-Jan-OO 530.21 
21 -Jan-OO 530.29 
21-Jan-OO 530.6 
















Pb/ U ± w1 PbJ3sU 
0.0054 0.00021 0.034 
uncorr'd 
uncorr'd 
208PbJn T h 
206 238 
:!: :!: Pb/ U ± 
age 
0.1549 0.0020 0.00016 34.8 1.37 
uncorr'd 





0.0067 0.00017 0.038 0.1174 0 .0014 0.02591 37.5 1.20 79.7 9.98 
0.0058 0.00016 0.061 0.1613 0.0018 0.10155 37.3 1.05 60.2 9.42 
0.0057 0.00013 0.056 0.1221 0.0021 0.00012 36.9 0.83 55 .1 6 .54 










0.0069 0.00021 0.080 0.1783 0.0021 0.12912 38.5 1.20 70.7 10.01 35.9 3.04 
0.0064 0.00012 0.046 0.1200 0.0023 0.07142 38.0 1.06 56.8 7 .31 
0.0057 0.00010 0.033 0.0946 0.0019 0.00007 36.8 0.64 32.9 3.06 
0.0062 0.00015 0.056 0.1047 0 .0023 0.11526 38.5 0.97 61.0 9 .5 8 
0.0068 0.00060 0.088 0.1779 0.0014 0.17615 39.6 0.91 76.3 8.40 
0.0059 0.00016 0.039 0.1572 0.0019 0.00017 37 .7 1.04 39.3 6.06 





0.0073 0.00057 0.114 0.5450 0.0028 0.27110 39.8 1.38 76.0 12.50 50.6 5.18 
0.0063 0.00030 0.063 0.1790 0.0029 0.12042 37 .9 0 .37 37.9 1.98 39.7 1.58 
0.0066 0.00032 0.043 0.1473 0.0020 0.05766 39.5 1.63 66.9 11.64 39.4 3.63 
0.0059 0.00014 0.044 0.1619 0.0016 0.00013 38.1 0 .87 43 .4 6.88 
0.0061 0.00012 0.066 . 0.1010 0 .0022 0.00014 39.4 0 .78 65 .1 6 .36 
0.0062 0.00007 0.042 0.1022 0.0020 0.04719 38.6 1.12 48.2 6.29 
0.0061 0.00020 0.063 0.1314 0.0020 0.00011 39.3 1.26 61.7 7.87 
0.0061 0.00016 0.053 0.1289 0.0019 0.00010 39.1 1.04 52.2 6.56 
0.0060 0.00013 0.042 0.0911 0.0019 0.00011 38.6 0.85 41.5 3.71 
33.2 2.68 





0.0060 0.00027 0.068 0.1648 0.0021 0.10023 39.6 1.08 55 .2 5.82 40.1 2.37 
0.0060 0.00015 0.062 0.1617 0.0021 0.08388 38.3 1.05 29.7 3 .55 46.1 4.08 
0.0064 0.00017 0.073 0.1836 0.0019 0.05641 39.3 1.17 48 .2 6.84 35.4 2.89 
0.0059 0.00017 0.058 0.1323 0.0021 0.07830 38.9 0.85 38.4 6.65 38.5 2.81 
0.0074 0.00024 0.126 0.2821 0.0027 0.11492 41.9 1.21 89.4 13.48 58.5 6.97 
0.0060 0.00018 0.049 0.1334 0.0022 0.10015 40.3 1.92 61.9 10.75 57.9 6.35 




















































































inher 21-Jan-OO 530.19 
discord 26-Aug-OO 530-6 
discord 21-Jan-OO 530.36 
inher 26-Aug-OO 530-9 
inher 21-Jan-OO 530.29 
inber 21-Jan-OO 530.33 
inher 21-Jan-OO 530.23 
inber 21-Jan-OO 530.3 
discord 21-Jan-OO 530.32 
discord 21-Jan-OO 530.38 
inher 21-Jan-OO 530.2 






232 }38 uncorr'd 
Tb U 206 238 + Pb/ U -
uncorr'd 
201 Pb73sU :!: 
uncorr'd 
2osPbl32T h :!: 
uncorr'd 
206 Z38 










age age age ± age ± 















































0.0062 0.00017 0.056 0.1083 0.0020 0.06336 41.3 1.49 72.3 11.32 37.0 3.56 
0.0062 0.00022 0.078 0.1707 0.0025 0.11565 39.6 0.48 41.9 4.19 40.2 1.88 
0.0065 0.00020 0.072 0.1385 0.0022 0.07735 41.5 1.30 70.8 9.47 44.2 2.84 
0.0059 0.00006 0.038 0.0531 0.0019 0.03754 40.9 2.15 57. l 14.63 45.0 4.63 
0.0061 0.00013 0.039 0.1764 0.0019 0.07420 40.6 1.16 36.7 6.66 45.2 2.13 
0.0064 0.00023 0.074 0.1623 0.0019 0.11338 43 .6 3.86 85.4 14.56 28.6 4.20 
0.0060 0.00016 0.030 0.1212 0.0023 0.08899 42.4 1.09 54.2 7.17 41.3 2.90 
0.0064 0.00022 0.077 0.1530 0.0022 0.09839 42.1 2.03 42.8 6.17 41.0 2.03 
0.0066 0.00017 0.055 0.1358 0.0021 0.08228 44.6 1.33 77 .9 13.37 41.5 5.19 
0.0067 0.00022 0.055 0.2120 0.0019 0.00033 43 .2 1.40 54.6 11.28 38.4 6. 74 
0.0058 0.00019 0.082 0.1302 0.0028 0.08053 43.0 1.07 38.2 4.40 30.0 0.12 
0.0068 0.00070 0.037 0.1493 0.0021 0.00010 43.9 4.51 36.6 5.37 41.9 2.11 
0.0060 0.00015 0.055 0.1159 0.0024 0.08346 45. l 3.66 51.1 16.11 32.9 8.22 
0.0060 0.00019 0.072 0.1465 0.0018 0.10191 45.5 10.53 51.1 15.84 32.3 2.54 45.2 10.47 
0.0061 0.00018 0.049 0.1453 0.0018 0.09070 49.2 7.87 90.6 37.99 41.4 2.09 46.7 7.78 
0.0062 0.00014 0.078 0.1142 0.0026 0.12975 46.9 2.06 44.1 17.34 44.3 19.88 47.1 2.30 
0.0061 0.00025 0.068 0.1798 0.0020 0.09398 49.1 5.60 65.6 33.77 35.7 21.43 48.2 
0.0059 0.00015 0.053 0.1017 0.0018 0.11436 48.3 4 .92 39.0 10.68 70.6 18.64 48.8 
5.83 
5.01 















Code Day ID 
Pb 10-Jul-OO 121-22 
Pb 10-Jul-OO 121-10 
Pb 26-Aug-OO 121-9 
Pb 26-Aug-OO 121-6 
Pb 10-Jul-OO 121-9 
10-Jul-OO 121 -29 
10-Jul-OO 121-26 









discord 10-Jui-OO 121-8 
10-Jul-OO 121-20 






232 } 38 uncorr'd 






208 232 + 
:t Pb/ Th -
uncorr'd 
206 238 






0.49 0.0057 0.00014 0.053 0.0740 0.0021 0.00017 36.5 0.93 52.2 3.77 
0.16 
116 2 117 2 1.04 








135 3 135 3 1.03 
107 3 65 2 0.62 






113 2 117 2 1.06 
0.0056 0.00007 0.032 0.0710 0.0022 0.00013 36.3 0.42 32.4 2.27 
0.0059 0.00014 0.058 0.1041 0.0020 0.00009 37 .7 0.88 57.l 5.78 
0.0057 0.00013 0.031 0.1238 0.0021 0.00009 36.5 0.82 30.9 3.77 
0.0060 0.00013 0.067 0.0947 0.0021 0.00016 38.4 0.84 66.0 6.05 
0.0059 0.00013 0.059 0.1174 0.0022 0.00015 38. 1 0.81 58.0 6.62 
0.0059 0.00010 0.049 0.0841 0.0019 0.00006 37.7 0.61 48.2 3.96 
0.0058 0.00007 0.040 0.0892 0.0019 0.00008 37.3 0.48 39.8 3.48 
0.0059 0.00012 0.046 0.1200 0.0020 0.00012 37.7 0.74 45.3 5.32 
0.0059 0.00014 0.054 0.1352 0.0020 0.00020 38.1 0.89 53. l 6.99 
0.0059 0.00011 0.046 0.0952 0.0018 0.00010 38.1 0.69 45.6 4.24 
0.0060 0.00007 0.051 0.0682 0.0020 0.00007 38.4 0.47 50.3 3.35 
0.0060 0.00011 0.056 0.0722 0.0016 0.00011 38.7 0.73 55.6 3.91 
0.0059 0.00004 0.039 0.0355 0.0024 0.00018 37.9 0.24 38.6 - 1.34 
0.0060 0.00012 0.058 0.1149 0.0019 0.00011 38.8 0.74 56.9 6.35 
0.0060 0.00014 0.045 0.1187 0.0019 0.00014 38.4 0.88 45.0 5.22 
0.0060 0.00010 0.053 0.0865 0.0021 0.00009 38.9 0 .66 52.0 4.39 
0.0060 0.00013 0.050 0.1088 0.0018 0.00013 38.7 0.82 49.5 5.25 
0.0061 0.00011 0.048 0.1151 0.0017 0.00009 39.0 0.72 47.9 5.38 
0.0060 0.00008 0.042 0.0958 0.0019 0.00008 38.8 0.51 42.0 3.95 







0.0062 0.00010 0.061 0.0864 0.0020 0.00010 40.0 0.65 59.7 5.01 
10-Jui-OO 121-4 





0.0061 0.00009 0.041 0.0736 0.0020 0.00008 39.2 0.56 40.5 2.92 
5 1 0.0061 0.00013 0 .043 0.1244 0.0021 0.00015 39.3 0.85 42.4 5.16 
0.0061 0.00009 0.045 0.0735 0.0019 0.00010 39.5 0.55 44.2 3.18 
0.0062 0.00012 0.045 0.1093 0.0022 0.00014 39.6 0.75 44.2 4.73 
0.0062 0.00012 0.050 0.0855 0.0020 0.00013 39.9 0. 78 49.4 4.12 









42. 7 3.15 






























































































Code Day ID u ± (ppm} 
discord 10-Jui-OO 121-3 
Th + 
(ppm) -
232 }38 uncorr'd 
Th U 206 238 + 
Pb/ U -





! 208 Pbl32T h ! 
0.0734 0.0038 0.00015 
uncorr'd 
206 Z38 






discord 26-Aug-OO 121 -10 96 2 94 2 1.00 0.0062 0.00011 0.050 0.0924 0.0022 0.00009 40. l 0.68 49. l 4.43 
10-Jui-OO 121-6 
10-Jui-OO 121-13 













0.0063 0.00012 0.057 0.0899 0.0020 0.00014 40.5 0 . 79 55.9 4.89 
0.0062 0.00010 O.o35 0.0807 0.0019 0.00009 39.9 0.64 34.7 2.75 
0.0064 0.00010 0.056 0.0974 0.0022 0.00012 41.0 0.62 55 .5 5.26 
0.0062 0.00014 0.036 0.1362 0.0019 0.00010 40.0 0.88 35.5 4.75 
0.0062 0.00010 0.036 0.1007 0.0020 0.00009 40.0 0.63 36. l 3.57 
0.0063 0.00008 0.041 0.0778 0.0019 0.00008 40.4 0.50 40.4 3.08 
0.0064 0.00013 0.053 0.1055 0.0016 0.00010 41.1 0 .81 52.l 5.35 
0.0064 0.00010 0.056 0.0790 0.0024 0.00013 41.4 0.65 55.5 4.27 
0.0064 0.00012 0 .041 0.1181 0.0020 0.00012 41.2 0.74 40.9 4.74 







38.8 1. 77 
43 .7 2.51 







inher 10-Jui-OO 121-5 
discord 10-Jul-OO 121-27 
discord 10-Jul-OO 121-21 
inher 10-Jul-OO 121-7 
inher 10-Jul-OO 121-15 










































Code Day ID 
uncorr'd 





(ppm) (ppm) Pb/ U - Pb/ U ! Pb/ Th ! age ! age 
discord 26-Aug-OO 174-9 
Pb 10-Jul-OO 174-23 
Pb 10-Jul-OO 174-3 
10-Jul-OO 17 4-7 
10-Jul-OO 17 4-30 
10-Jul-OO 17 4-10 
discord 10-Jul-OO 174-18 
26-Aug-OO 174-7 
discord 10-Jul-OO 174-26 
discord 10-Jul-OO 174-21 
10-Jul-OO 17 4-12 
10-Jul-OO 174-20 
10-Jul-OO 17 4-4 
26-Aug-OO 174-8 
discord 10-Jul-OO 17 4-11 
10-Jul-OO 174-17 














211 7 226 7 1.10 
0.12 
0 .52 
26-Aug-OO 174-2 140 3 141 3 1.03 
10-Jul-OO 174-19 0 .65 
26-Aug-OO 174-3 265 3 27 4 3 1.06 




10-Jul-OO 17 4-6 
26-Aug-OO 174-6 
discord 26-Aug-OO 174-4 












0.0064 0.00018 0.091 0.1708 0.0062 0.00124 40.9 1.18 88.3 14.44 
0.0067 0.00011 0.060 0.1285 0.0023 0.00016 39.1 0 .70 45 .4 4.51 
0.0064 0.00009 0.043 0.0791 0.0021 0.00007 41.0 1.07 75.7 5.95 
0.0065 0.00008 0.041 0.0691 0.0021 0.00007 39.5 0.52 39.8 3.07 
0.0064 0.00013 0.049 0.0960 0.0020 0.00007 40.1 0.78 51.0 5.56 
0.0066 O.OOOll 0.060 0.0905 0.0021 0.00010 40.l 0 .81 44 .7 4.05 
0.0066 0.00013 0.047 0.1238 0.0022 0.00010 40.5 0 .78 52.2 3.88 
0.0063 0.00007 0.044 0.0846 0.0020 0.00006 40.2 0.47 43.5 3.60 
0.0076 0.00027 0.181 0.1098 0.0059 0.00055 40.6 0 .50 48.0 3.72 
0.0062 0.00013 0.045 0.0925 0.0021 0.00010 40.6 0. 72 41.9 4.03 
0.0065 0.00009 0.047 0.0724 0.0020 0.00008 41.4 0 .75 56.l 4.43 
0.0064 0.00012 0.057 0.0812 0.0021 0.00012 41.0 0.51 45 .9 2.20 
0.0066 0.00010 0.048 0.0880 0.0019 0.00009 41.7 0 .91 60.7 4.69 
0.0064 0.00008 0.049 0.0607 0.0021 0.00005 41.1 0.52 48.3 2.86 
0.0068 0.00009 0.046 0.0435 0.0021 0.00012 41.4 0 .83 49 .0 4.60 
0.0070 0.00017 0.075 0.1280 0.0027 0.00020 41.2 0.55 43.0 3.33 
0.0065 0.00009 0.047 0.0565 0.0022 0.00006 41.5 0 .56 46.5 2.57 
0.0064 0.00017 0.077 0.0816 0.0021 0.00016 42.4 0 .72 59.3 5.21 
0.0065 0.00006 0.044 0.0482 0.0020 0.00004 41.6 0.41 43 .8 2.07 
0.0065 0.00009 0.044 0.0903 0.0019 0.00007 41.7 0.57 43.8 3.87 
0.0062 0.00012 0.052 0.1117 0.0027 0.00018 41.8 0 .59 46 .4 3.28 
0.0061 0.00011 0.046 0.1014 0.0020 0.00009 42.1 0.86 51.0 5.19 
0.0069 0.00011 0.051 0.0628 0.0020 0.00007 42.1 0.64 47 .2 4.05 
0.0065 0.00011 0.050 0.1042 0.0020 0.00009 42.8 0.69 59.4 7 .41 
0.0067 0.00011 0.058 0.0735 0.0020 0.00006 42.8 0 .71 57 .6 4.11 
0.0067 0.00013 0.057 0.0909 0.0027 0.00014 42.8 0.82 56.5 4.99 































37 .8 1.82 
46 .3 3.17 















































































Code Day ID 
10-Jul-OO 174-25 
discord 10-Jul-OO 174-22 
26-Aug-OO 174-5 
1 O-Jul-00 17 4-16 




inher 10-Jul-OO 17 4-13 
inher 10-Jui-OO 174-5 
u ± (ppm) 
104 4 
232 rs uncorr' d Th + Th U 206PbJ38U + (ppm) - -
0.91 0.0065 0.00014 
0.62 0.0070 0.00021 
97 4 0.96 0.0067 0.00009 
0.14 0.0064 0.00008 
0.52 0.0061 0.00008 
0.76 0.0063 0.00012 
0.77 0.0065 0.00013 
0 .97 0.0063 0.00008 
0.78 0.0063 O.OOOll 
0.89 0.0067 0.00010 
uncorr'd uncorr'd uncorr'd 206PbJ3sU 207 T''ll .. ~35TT 208 PbJ
32
T h + rut u :!: -
age 
0.062 0.0797 0.0022 0.00009 42.6 
0.055 0.1050 0.0023 0.00017 43.0 
0.046 0.0859 0.0023 0.00008 43.0 
0.046 0.0491 0.0020 0.00013 44.9 
0.040 0.0787 0.0023 0.00010 43.5 
0.053 0.0762 0.0020 0.00008 44.1 
0.052 0.1042 0.0020 0.00009 45 .0 
0.048 0.0794 0.0020 0.00006 215.6 
0.042 0.0980 0.0020 0.00010 305.2 
0.050 0.081l 0.0021 0.00007 450.0 
uncorr'd 
201 PbJ3sU 
± ± age 
0.85 46.9 5.68 
0.67 49.1 3.89 
0.61 45.9 3.85 
1.12 73.3 9.06 
0.56 45.5 1.94 
0.71 50.2 3.08 
1.32 54.7 5.59 
25 .12 1369.4 90.98 
32.44 1733.9 100.30 


















































Code Day ID 
Pb 10-Jul-OO 176-18 
Pb 26-Aug-00176-2 
discord 10-Jul-OO 176-11 













1 O-Jui-00 17 6-6 
10-Jul-OO 176-26 







26-Aug-OO 176-10 274 4 200 4 
discord 10-Jul-OO 176-22 



















26-Aug-OO 176-4 190 1 3 15 3 1 1 0.83 




discord 10-Jul-00 176-23 
26-Aug-OO 176-2 
inher 10-Jul-OO 176-3 
inher 26-Aug-OO 176-5 
155 1 140 4 









206Pbl38U ± 207 235 Pb/ U 





± ± Pb/ U ± 
age 
















37 .0 2.26 
33 .7 1.56 
0 .0069 0.00012 0.045 l[).1635 0.0023 0.00034 36.0 0.20 35.4 1.07 37.l 1.04 
0.0061 0.00016 0.077 0.1260 0.0026 0.00029 36. 7 0.53 44.3 2.58 35.5 1.60 
0.0056 0.00009 0.036 0 .0885 0.0017 0.00008 38.3 0 .92 76.6 7 .17 60. l 4.34 
0.0058 0.00009 0.035 0.1349 0.0018 0.00012 37 .7 0.88 57.6 6.85 40.8 3.49 
0.0056 0.00003 0.035 0.0309 0.0018 0.00005 37.4 0.51 46.9 3.67 41.4 1.87 
0.0055 0.00012 0.049 0.1854 0.0018 0.00013 37.0 0.57 35.3 4.69 35.7 2.44 
0.0060 0.00015 0.064 0.1879 0.0021 0.00026 38.7 0.94 63 .1 11.49 42.8 5.19 
0.0059 0.00013 0.043 0.0959 0.0021 0.00013 38.0 0.77 47.7 5.36 45.9 2.75 
0.0066 0.00019 0.038 0.6108 0.0017 0.00067 38.8 0.79 63.2 6.61 44.4 2.00 
0.0059 O.OOOll 0.034 0.0905 0.0023 0.00016 38.2 0 .75 48.6 3.49 43.2 2.56 
0.0061 0.00033 0.059 0.2368 0.0018 0.00037 37 .7 0 .61 37.8 2.95 35.7 1.66 
0.0059 0.00012 0.049 0.0734 0.0021 0.00013 38.2 0 .51 45.0 3.48 41.0 2.47 
0.0058 0.00008 0 .047 0.0800 0.0020 0.00009 37.6 0.54 32.4 2.93 39.4 2.08 
0.0059 0.00008 0.034 0.0655 0.0018 0.00005 37.7 0.53 34.1 2.20 36.5 1.09 
0.0060 0.00009 0.042 0.0949 0.0021 O.OOOll 38.0 1.79 38. l 2.37 35.5 0.22 
0.0059 0.00012 0.037 0.1001 0.0018 0.00014 38.0 0.76 36.5 3.59 37 .3 2.75 
0.0059 O.OOOll 0.045 0.0973 0.0023 0.00013 37.9 0.70 33 .7 3.00 47.4 3.23 
0.0059 0.00010 O.Q38 0.0795 0.0018 0.00008 38.4 0 .57 41.4 3.85 42.2 2.29 
0.0059 0.00008 0.045 0.0790 0.0020 0.00012 39.4 0.76 49.1 4 .69 46.2 2.81 
0.0059 0.00008 0.032 0 .0916 0.0020 0.00010 40.2 0.88 55.8 5.03 41.8 3.39 
0.0061 0.00012 0 .049 0.0980 0.0023 0.00014 41.7 1.02 56.5 7.44 37.8 3.94 
0.0063 0.00068 0.023 0.6686 0.0015 0.00014 40.8 4.36 23 .1 15 .26 30.2 2.86 
0.0065 0.00044 0.034 0.4050 0.0021 0.00024 41.7 2.81 33.8 13.45 41.4 4.83 









36.0 0 .21 






































Code Day I D 
in her 10-Jul-OO 176-27 
inher 10-Jul-OO 176-28 
in her 10-Jul-OO 176-24 
discord 10-Jul-OO 176-30 
discord 1 O-Jul-00 17 6-17 
ioher 10-Jul-00 176-21 














T h + :!: -
age 
0.00028 O.Q38 0.0633 0.0018 0.00001 44.3 
0.00016 0.057 0.1354 0.0019 0.00020 44.3 
0.00014 0.057 0.0926 0.0021 0.00017 45 .4 
0.00012 0.064 0.1078 0.0022 0.00010 171.9 
0.00014 0.058 0.1223 0.0020 0.00017 184.7 





0.78 45.2 7.22 
2.33 38.4 10.36 
3.77 48.6 14.19 
6.08 159.4 24.23 
1.33 196.3 5.41 








35 .7 5.02 



























Code Day ID U ± T h + 232 }38 (ppm) (ppm) - Th U 
discord 26-Aug-OO 131-10 
Pb 28-Jun-00 131-26 
discord 26-Aug-OO 131-3 
Pb 28-Jun-OO 131-29 
Pb 28-Jun-OO 131 -8 
Pb 28-Jun-OO 131-23 
Pb 28-Jun-00 131-27 
Pb 26-Aug-OO 131-1 
28-Jun-OO 131-30 
28-Jun-OO 131-25 
28-Jun-OO 131- 11 
28-Jun-OO 131-18 
28-Jun-OO 131-16 
480 5 56 2 
393 24 44 3 
88 4 58 4 







discord 28-Jun-OO 131 -6 
28-Jun-OO 131-1 
28-Jun-OO 131 -4 
28-Jun-OO 131-17 
26-Aug-OO 131-4 249 7 199 6 
26-Aug-00131-2 86 2 51 





























206PbJ38u ± 207 235 Pb/ U 





± ± Pb/ U ± 
age 














49 .0 2.73 
30.0 1.99 
0.0063 0.00011 0.096 0.4728 0.0044 0.00061 40.6 0 .73 92.9 41.97 89.7 12.37 
0.0061 0.00009 0.045 0.0896 0.0020 0.00008 39.l 0.58 44.6 3.91 40.6 1.54 
0.0061 0.00008 0.038 0.1072 0.0020 0.00010 38.9 0 .52 38.1 4.01 40.4 2.04 
0.0061 0.00007 0.040 0.0697 0.0018 0.00005 39. l 0.43 40.0 2. 74 37 .1 0.94 
0.0062 0.00009 0.043 0.0843 0.0020 0.00009 39.7 0.55 42.8 3.53 40.0 l.84 
0.0063 0.00014 0.059 0.1026 0.0020 0.00015 40.6 0 .88 58.5 5.83 39.6 2.96 
0.0062 0.00008 0 .043 0.0793 0.0020 0.00006 39.8 0.54 42.7 3 .31 40.l l.15 
0.0062 0.00008 0.044 0.0612 0.0020 0.00008 39.9 0.53 43 .7 2.62 39.7 1.52 
0.0062 0.00004 0 .041 0.0694 0.0022 0.00005 39.8 0.28 40.9 2.78 45.0 l.06 
0.0062 0.00008 0.048 0 .0697 0.0019 0.00004 40.l 0.49 47.3 3 .22 38.8 0.89 
0.0062 0.00010 0.043 0.0793 0.0020 0.00006 40.0 0.64 43 .0 3.34 
0.0062 0.00009 0.043 0.0705 0.0020 0.00008 40.0 0 .59 42.4 2.93 
0 .0063 0.00007 0.047 0.0846 0.0021 0.00009 40.3 0.47 46.6 3.86 
0.0063 0.00007 0.047 0.0962 0.0019 0.00007 40.3 0.44 46.5 








0 .0063 0.00006 0.043 0 .0847 0.0021 0.00006 40.4 0.35 42.4 3.52 42.6 l.26 
0.0063 0.00007 0.043 0.1007 0.0020 0.00007 40.4 0.42 42.8 4.22 40.8 l.45 
0.0064 0.00005 0.058 0.0521 0.0020 0.00007 41.2 0.35 57.3 2.90 40.7 1.50 
0.0063 0.00008 0 .047 0.0747 0.0018 0.00006 40.7 0.51 47 . l 3.44 36.4 l.25 
0.0062 0.00010 0.033 0.0751 0.0020 0.00004 40. l 0.62 33.1 2.44 40.6 0.90 
0.0063 0.00005 0.038 0.0707 0.0021 0.00003 40.4 0.29 37.5 2.60 42 .0 0.67 
0.0063 0.00005 0 .039 0.0754 0.0020 0.00005 40.6 0.32 38.6 2.86 40.4 l.09 
0.0064 0.00014 0.047 0.1506 0.0022 0.00013 41.0 0.89 46.2 6.80 43.6 2.65 
0.0065 0.00012 0.061 0.0813 0.0019 0.00012 41.8 0 .75 60.5 4.78 39.3 2.41 


































40.4 0 .64 
40.6 0 .32 
40.7 0 .35 
40.7 0 .95 













rs uncorr'd uncorr'd uncorr'd u Th 232 Code Day ID ± + Th U 206PbJ3sU + 207 Pbl35 U 208 ~32 (ppm} (ppm) - - + Pb1 Th 
28-Jun-OO 131-15 0.89 0.0064 0.00009 0.040 0.0992 0.0021 
28-Jun-OO 131-3 0.58 0.0064 0.00008 0.044 0.0816 0.0019 
26-Aug-OO 131-8 105 4 101 5 0.98 0.0064 0.00010 0.049 0.0884 0.0020 
28-Jun-OO 131-22 1.22 0.0064 0.00006 0.037 0.0607 0.0020 
26-Aug-OO 131-9 110 2 113 3 1.06 0.0064 0.00010 0.040 0.0916 0.0019 
discord 28-Jun-OO 131-5 1.18 0.0066 0.00009 0.065 0.0677 0.0024 
26-Aug-OO 131-6 236 1 2 105 7 0.45 0.0064 0.00009 0.042 0.0602 0.0025 
26-Aug-OO 131-7 558 49 147 1 3 0.27 0.0065 0.00015 0.044 0.0706 0.0020 
28-Jun-OO 131-7 1.01 0.0065 0.00007 0.047 0.0882 0.0021 
28-Jun-OO 131-24 0.57 0.0065 0.00008 0.042 0.1002 0.0021 
28-Jun-OO 131-9 0.65 0.0065 0.00006 0.044 0.0794 0.0022 













:!: ± :!: age age 
0.00007 40.9 0.58 40.0 3.89 
0.00009 41.1 0.49 43.9 3.51 
0.00010 41.4 0.64 48.9 4.22 
0.00004 40.9 0.37 36.8 2.19 
0.00007 41.1 0.64 40.1 3.60 
0.00010 42.4 0.59 64.l 4.21 
0.00010 41.4 0.58 41.6 2.45 
0.00020 41.5 0 .93 43.6 3.01 
0.00004 41.7 0.46 47.0 4.06 
0.00011 41.5 0.51 42.0 4.13 
0.00007 41.9 0.40 43.6 3.39 





























41.1 0 .39 





















Code Day ID u ± (ppm) 
Th + 
(ppm) -
232 rs uncorr' d 
Th U 206 Pbl3sU 
uncorr'd 




207 235 uncorr'd uncorr'd 208 232 
208 232 
Pb/ Th ± Pb/ U ± Pb/ U Pb/ Th 
age age ± age ± 
Pb 28-Jun-00 180-14 1.64 0.0056 0.00004 0.039 0.0268 0.0017 0.00002 35. 7 0.23 38.5 1.01 
1.28 
35 .3 0.50 
discord 28-Jun-OO 180-18 0.10 
26-Aug-OO 180-4 483 1 0 782 1 8 1.66 


















26-Aug-00180-10 515 9 671 15 1.34 
>obs:exp 28-Jun-OO 180-3 
28-Jun-OO 180-15 
discord 28-Jun-00 180-10 
>obs:exp 
28-Jun-OO 180-28 
>obs:exp 28-Jun-OO 180-30 
>obs:exp 28-Jun-OO 180-5 








26-Aug-OO 180-7 590 2 9 115 11 0.20 
>obs:exp 28-Jun-OO 180-29 0.69 
26-Aug-00180-9 547 19 755 29 1.42 







0.0056 0.00004 0.042 0.0311 0.0020 0.00016 36.0 0.23 42.1 41.1 3.16 
0.0061 0.00008 0.052 0.0521 0.0021 0.00003 39.0 0.48 51.6 2.62 41.7 0.61 
0.0061 0.00005 0.047 0.0514 0.0020 0.00003 39.0 0.31 46.3 2.32 40.8 0.67 
0.0061 0.00004 0.040 0.0412 0.0020 0.00002 39.0 0.26 40.2 1.62 39.4 0.35 
0.0061 0.00006 0.043 0.0462 0.0021 0.00004 39.2 0.39 42.3 1.91 42.3 0.83 
0.0061 0.00004 0.041 0.0379 0.0020 0.00002 39.4 0.28 40.3 1.50 39.9 0.47 
0.0062 0.00005 0.044 0.0321 0.0020 0.00003 39. 7 0.35 43.9 1.38 39.7 0.52 
0.0062 0.00003 0.040 0.0193 0.0020 0.00002 39.8 0.21 40.2 0.76 39.7 0.33 
0.0062 0.00004 0.038 0.0324 0.0025 0.00019 39. 7 0.23 37 .6 1.19 50.0 3. 75 
0.0066 0.00015 0.090 0.0766 0.0027 0.00010 42.4 0.99 87.6 6.42 53.9 2.04 
0.0062 0.00006 0.038 0.0336 0.0022 0.00021 39.9 0.37 37.8 1.25 43.5 4.19 
0.0063 0.00005 0.050 0.0480 0.0021 0.00005 40.6 0.29 49.8 2.33 42.8 0.94 
0.0063 0.00005 0.046 0.0309 0.0022 0.00009 40.4 0.33 45. 7 1.38 44.1 1.80 
0.0063 0.00004 0.042 0.0238 0.0020 0.00002 40.2 0.23 41.9 0.98 39.4 0.45 
0.0071 0.00009 0.154 0.0825 0.0027 0.00008 45 . 7 0.59 145.8 11.20 54.9 1.62 
0.0063 0.00003 0.041 0.0211 0.0019 0.00002 40.3 0.18 41.0 0.85 38.3 0.34 
0.0063 0.00005 0.042 0.0362 0.0021 0.00005 40.6 0.32 41.8 1.48 42.9 1.02 
0.0063 0.00015 0.042 0.0436 0.0024 0.00011 40.7 0.96 42.0 1.79 47.6 2.27 
0.0064 0.00009 0.046 0.0360 0.0021 0.00004 40.9 0.56 46.1 
0.0064 0.00008 0.044 0.0377 0.0023 0.00011 41.0 0.49 43.5 
0.0064 0.00006 0.040 0.0374 0.0022 0.00011 40.8 0.41 40.0 
0.0064 0.00005 0.042 0.0495 0.0020 0.00004 40.9 0.33 41.6 
0.0065 0.00005 0.064 0.0428 0.0023 0.00004 42.0 0.32 62.9 
0.0064 0.00004 0.046 0.0665 0.0021 0.00003 41.2 0.27 45.3 
0.0064 0.00006 0.041 0.0304 0.0020 0.00002 41.0 0.39 40.3 
0.0064 0.00005 0.042 0.0356 0.0021 0.00003 41.4 0.32 41.9 









2.95 42.4 0.66 
1.20 40.6 0.49 

























































Code Day ID u Th + 212 11s uncorr'd Th U 206 21s + Pb/ U -















age age age ± ± 
28-Jun-OO 180-13 
28-Jun-OO 180-17 
1.74 0.0065 0.00005 0.042 0.0262 0.0021 0.00003 41.5 0.29 42.0 1.08 41.9 0.59 
1.63 
26-Aug-OO 180-8 442 27 586 40 1.36 
28-Jun-OO 180-23 1.41 
>obs:exp 28-Jun-OO 180-11 1.35 
discord 28-Jun-OO 180-21 1.96 
>obs:exp 
discord 28-Jun-OO 180-25 0.45 
>obs:exp 
discord 26-Aug-OO 180-6 601 2 8 632 4 1 1.08 
>obs:exp 28-Jun-OO 180-10 
discord 28-Jun-OO 180-22 
inher 26-Aug-OO 180-3 
inher 26-Aug-OO 180-5 
1.84 
1.68 
282 6 251 11 0.91 
559 6 850 20 1.56 
0.0065 0.00007 0.044 0.0424 0.0020 0.00004 41.7 0.45 43.3 1.80 41.1 0. 76 
0.0065 0.00007 0.045 0.0369 0.0021 0.00004 41.8 0.43 44.6 1.61 43.2 0.87 
0.0065 0.00004 0.040 0.0306 0.0020 0.00002 41.8 0.23 39.7 1.19 40.5 0.39 
0.0065 0.00006 0.042 0.0293 0.0020 0.00003 42.0 0.38 42.2 1.21 41.2 0.66 
0.0088 0.00018 0.342 0.0429 0.0048 0.00025 56.5 1.16 298.8 11.10 96.2 5.10 
0.0085 0.00009 0.306 0.0853 0.0118 0.00136 54.8 0.61 270.9 20.29 236.2 27.05 
0.0069 0.00011 0.083 0 .0633 0.0030 0.00018 44.3 0.68 80.6 4.90 61.4 3.61 
0.0074 0.00028 0.149 0.0499 0.0027 0.00002 47.7 1.79 141.3 6.58 54.9 0.47 
0.0071 0.00006 0.106 0.0620 0.0027 0.00005 45.6 0.37 102.7 6 .05 54.9 1.02 
0.0070 0.00011 0.073 0.0854 0.0023 0.00008 44.7 0.69 71.7 5.91 46.9 1.61 





























Code Day ID 
Pb 28-Jun-OO 163-1 
Pb 28-Jun-OO 163-28 
P b 28-Jun-OO 163-9 































232 } 38 uncorr'd Th U 206 238 
Pb/ U 
uncorr'd 






uncorr'd uncorr'd uncorr'd 
206 238 





age age ± age ± 



























0.0057 0.00007 0.043 0.0735 0.0019 0.00006 36.6 0.43 42.8 3.08 39.3 1.14 
0.0058 0.00009 0.056 0.1121 0.0019 0.00017 37 .3 0.59 55 . 7 6.08 38.6 3.35 
0.0057 0.00004 0.038 0.0272 0.0019 0.00006 36.7 0. 24 37.9 1.01 39.1 1.21 
0.0058 0.00011 0.044 0.1281 0 .0022 0.00014 37 .4 0.69 43.6 5.46 43.6 2.83 
0.0059 0.00010 0.061 0.1116 0.0019 0.00010 38.2 0.61 60.4 6.55 37.4 1.92 
0.0060 0.00009 0.065 0.0905 0.0021 0.0001 2 38.5 0.59 63 .5 5.57 41.8 2.50 
0.0058 0.00008 0.045 0.0925 0.0020 0.00010 37 .6 0.53 44.8 4.05 39.8 1.93 
0.0059 0.00007 0.043 0.0952 0.0017 0.00009 37.7 0.45 43.0 4.01 33.5 1.74 
0.0060 0.00018 0.053 0.1440 0.0019 0.00018 38.4 1.15 52.4 7.35 39.0 3.63 
0.0059 0.00004 0.043 0.0613 0.0019 0.00004 38.0 0.27 43 . l 2.59 37.6 0.76 
0.0059 0.00011 0.041 0.1520 0 .0017 0.00012 38.0 0.72 41.2 6.14 34.8 2.37 
0.0059 0.00009 0.043 0.0562 0.0019 0.00006 38.2 0.58 43.l 2.37 38.2 1.16 
0.0060 0.00005 0.048 0.0769 0.0019 0.00005 38 .6 0 .31 47.3 3.56 39.0 1.08 
0.0060 0.00007 0.051 0.1080 0.0019 0.00011 38.9 0.46 50.3 5 .30 37.9 2.15 
0.0060 0.00006 0.043 0.0853 0.0019 0.00006 38.6 0.38 42.5 3.55 39.0 1.26 
0.0060 0.00007 0.047 0.0821 0.0020 0.00007 38 .8 0.47 46.8 3.75 41.0 1.33 
0.0060 0.00010 0.040 0.1043 0.0019 0.00013 38.6 0 .62 39.7 4.06 38. l 2.64 
0.0061 0.00011 0.048 0 .1233 0.0019 0.00011 39.l 0.68 47.9 5 .77 
0.0061 0.00008 0.050 0.0920 0.0020 0.00008 39.3 0.49 50.0 4.49 
0.0061 0.00007 0.051 0.0778 0.0020 0.00008 39.4 0.48 50.4 
0.0061 0.00005 0.045 0.0849 0.0020 0.00005 39.1 0.31 44.7 
0.0061 0.00008 0.050 0.0698 0.0019 0.00009 39.4 0.53 49.3 











0.0061 0.00008 0.036 0.1047 0.0022 0.00006 39.0 0.51 35.8 3.68 44.5 1.20 
0.0061 0.00007 0.037 0.1011 0.0020 0.00005 39.2 0.46 36.6 3.63 41.l 1.00 










37 .0 0.74 
37.l 0.69 
37 .2 0.64 
37.2 0.56 
37 .5 0.49 
37.7 1.19 
37 :7 0.30 
































2n J38 uncorr'd uncorr'd uncorr'd u Th Code Day ID ± + Th u 206DJ,338TT 207 Pb}35 U 208 n1-..'.132T J... In.nm\ (ppm) - :': ::!: \.}'}Jill) LU/ u ru1 < II 
26-Aug-OO 163-1 93 1 72 1 0 .80 0.0063 0.00010 0.053 0.0820 0.0020 
26-Aug-OO 163-4 145 2 146 3 1.03 0.0062 0.00010 0.048 0.0737 0.0020 
discord 28-Jun-OO 163-16 0.98 0.0063 0.00007 0.053 0.0969 0.0023 
28-Jun-OO 163-24 1.03 0.0062 0.00006 0.036 0.0891 0.0019 
26-Aug-OO 163-2 92 2 84 2 0.94 0.0063 0.00011 0.047 0.1019 0.0019 
26-Aug-OO 163-7 67 2 52 1 0.80 0.0064 0.00016 0.061 0.1087 0.0021 
26-Aug-OO 163-3 105 3 94 4 0.91 0.0063 0.00013 0.047 0.1382 0.0020 
26-Aug-OO 163-9 73 2 60 2 0.85 0.0064 0.00015 0.057 0.0981 0.0019 
inher 26-Aug-OO 163-6 121 2 105 2 0 .89 0.0064 0.00017 0.044 0.2010 0.0021 
>obs:exp 26-Aug-OO 163-5 479 36 675 56 1.45 0.0067 0.00016 0.049 0.0516 0.0023 
in her 28-Jun-OO 163-14 0.98 0.0065 0.00003 0.025 0.2503 0.0021 






Pb}38 U 207 Pb}35 U + ± + 
-
age age 
0.00010 40.2 0.64 52.7 4.21 
0.00007 40.l 0.62 47.6 3.43 
0.00008 40.4 0.44 52.2 4.93 
0.00005 39.6 0.41 35.8 3.13 
0.00010 40.3 0.68 46.7 4.65 
0.00012 41.2 1.02 60.5 6.39 
0.00011 40.5 0.82 46.4 6.27 
0.00012 41.0 0.93 56. l 5 .36 
0.00021 41.4 1.06 43 .9 8.64 
0.00010 42.8 1.00 48.7 2.45 
0.00053 42.1 0.20 24.9 6.16 




























































Code Day ID U Th 232 ~38 ± ± Th/ U (ppm) (ppm) 
Pb 26-Aug-OO 165-10 
Pb 10-Jul-OO 165-16 
1034 4 8 1831 89 1.82 
Pb 26-Aug-00165-6 90 2 
discord 10-Jul-OO 165-21 
Pb 10-Jul-OO 165-14 
Pb 26-Aug-OO 165-8 9 6 5 
Pb 10-Jul-OO 165-28 
discord 10-Jul-OO 165-15 
discord 10-Jul-OO 165-25 
discord 26-Aug-OO 165-11 7 5 
































26-Aug-OO 165-14 2765 7 0 2900 7 9 1.08 
discord 26-Aug-OO 165-5 
10-Jul-OO 165-18 
discord 10-Jul-OO 165-17 
10-Jul-OO 165-2 
48 0 
26-Aug-00165-7 98 2 
34 
61 
discord 26-Aug-OO 165-9 9 2 1 5 2 
10-Jul-OO 165-30 
0 









uncorr'd uncorr'd 206 238 uncorr'd 207 235 uncorr'd uncorr'd 
206Pb}38U ± Pb/ U ± Pb/ U + 207 235 Pb/ U 208 232 Pb/ Th ± ± age age 
0.0049 0.00007 0.032 0.134S 0.0016 0.00002 31.2 0.4S 32.1 
0.0060 0.00014 0.043 0.1703 0.0019 0.00017 36.2 0.60 36.3 
4.2S 
3.23 
0.0058 0.00011 O.OS6 0 .0792 0.0020 0.00011 37 .3 0.69 SS.4 4.27 
0.0059 0.00016 0.049 0 .1426 0.0022 0.00023 36.9 0.88 41. 8 4.21 
0.0062 0.00012 0.052 0.0844 0.0022 0.00013 36.9 O.S9 41.5 
O.OOS8 0.00014 0.048 0.1993 0.0018 0.00018 37.2 0 .92 47 .3 















37 .2 3.61 
44.2 2.84 
0.0060 0.00013 0.041 0.1143 0.0018 0.00012 37.9 0 .99 50.6 S.96 41.4 3.73 
O.OOS6 0.00009 0.036 0.0906 0.0020 0.00011 37.7 O.S4 42.3 3.06 3S . l l.7S 
0.0060 0.00014 O.OS7 0.1382 0.0018 0.00014 38 .4 0.88 56.0 7.S3 
O.OOS9 0.00008 O.OSO 0 .0893 0.0020 0.00010 38 . l O.S4 49.S 






0.0059 0.00007 0.038 O.OS09 0.0019 0.00008 38. l 1.00 48. l 6.70 4S.2 4.S7 
0.0062 0.00012 O.OS5 0 .118S 0.0019 0.00017 37. 7 0 .44 40.3 2.0S 36.4 1.38 
O.OOS9 0.00008 0.043 0.07S6 0.0019 0.00008 37.9 O.S2 42.8 3.1 7 38.8 1.70 
0.0063 0.000lS 0.070 0.0928 0.0020 0.00019 38.2 0.58 48 . l 4.31 38 .7 2.06 
0.0076 0.00110 O. lSO 0.2281 0.0034 0.00041 37.9 I.OS 39.9 S. 70 37 .9 2.79 
O.OOS7 0.00009 0.042 0.0717 0.0019 0.00008 37.8 0.46 37.8 
O.OOS9 O.OOOOS O.o3S 0.0379 0.0018 0.00003 37 .8 0.33 3S.3 





6.70 49 .1 4.00 
O.OOS9 0.00012 O.OS7 0 .1081 0.0022 0.00014 38.3 0.82 4S.4 8.19 4S .S 2.98 
O.OOS7 0.00014 0.042 0.1030 0.0020 0.00013 44.6 1.34 162.9 12.74 69 .4 2.66 
0.0061 0.00011 0.041 0 .0899 0.0020 0.00012 38.9 0.94 5S .4 4.99 38.7 2.80 
0.0060 0.00009 0.045 0.0769 0.0020 0.00010 38.S 0 .61 44.8 3.37 41.3 2.10 
0.0061 0.00009 0.0S3 0.0848 0.002S 0.00013 39.0 0 .60 52.0 4.30 49.9 2.63 
O.OOS8 0.00009 0.039 0.0863 0.0020 0.00009 38.8 0 .91 43.0 7.18 39.3 3.35 




































38. l 0 .62 
38.3 0.63 

























26-Aug-OO 165-15 9 2 2 
inher 26-Aug-OO 165-13 8 5 
discord 10-Jul-OO 165-4 
discord 26-Aug-OO 165-2 
inher 10-Jui-OO 165-26 
inher 10-Jui-OO 165-12 
111 2 
inher 26-Aug-OO 165-8 41 
inher 10-Jui-OO 165-10 
inher 10-Jul-OO 165-3 
















Pb, Th ± 
uncorr'd 
206 Z38 






206 Pbl38 U 
age age ± age ± age ± 
















0.0067 0.00032 0.042 0.3659 0.0019 0.00050 40.3 0 .95 69.0 6.19 39.7 3.73 
0.0062 0.00013 0.060 0.0933 0.0021 0.00014 39.9 0 .84 59.5 5.40 43.2 2.85 
0.0071 0.00050 0 .090 0 .1998 0.0021 0.00019 39.7 0.75 54.4 6.28 38 .0 3.39 
0.0061 0.00018 0.075 0.1461 0.0020 0.00025 39.6 0 . 79 51.2 4.22 44 .6 2.52 
0.0059 0.00009 0.049 0.0917 0.0019 0.00010 39.3 0.69 40.6 3.58 41.l 2.32 
0.0064 0.00012 0.071 0.0829 0.0025 0.00017 40.9 0 .77 69.3 5.55 50.5 3.47 
0.0064 0.00012 0.073 0 .1047 0.0025 0.00020 41.l 0.79 72.0 7.27 50.3 4.04 
0.0059 0.00016 0.040 0 .1459 0.0019 0.00014 40.4 1.03 55.4 5 .28 38.3 2.79 
0.0063 0.00010 0.043 0.0887 0.0018 0.00010 40.4 0.65 42.3 3.67 37.l 2.04 
38.8 0.97 
38.9 0 .86 
38.9 0.80 
39.0 0 .81 
39.2 0 .72 







0.0059 0.00015 0.051 0.1209 0.0020 0.00018 48.5 7.01 142.0 30.21 67 .7 8.23 43.4 6.41 
0.0060 0.00013 0.046 0.1843 0.0023 0.00015 43.3 2.02 42.0 15.05 37.8 10.04 43.4 2.17 
0.0072 0.00055 0.094 0.2745 0.0027 0.00078 46. l 3.50 90.8 23 .83 54. l 15 .69 43 . 7 
0.0069 0.00021 0 .174 0.0847 0.0034 0.00013 45.9 3.17 87 .3 16.72 41.5 3.86 43.7 
0.0061 0.00015 0 .056 0.0926 0.0019 0.00014 80. l 11.51 571.l 73 .40 227.6 36.28 45 .9 



















:!: 201 Pbl3sU 
232 J38 uncorr'd Th U 206 238 
Pb/ U :!: 
uncorr'd 
208 232 
Pb/ Th :!: 
uncorr'd 
206Pbl38 U ± 
uncorr'd uncorr'd 
207 235 208 232 
Pb/ U Pb/ Th 
age age :!: age ± 
>obs:exp 28-Jun-OO 195-6 
>obs:exp 28-Jun-00 195-14 
26-Aug-OO 195-5 
28-Jun-OO 195-13 


























>obs:exp 28-Jun-OO 195-28 
933 1 6 9 1 7 
781 9 17 3 3 
























26-Aug-OO 195-2 444 1 2 450 1 3 1.04 
>obs:exp 28-Jun-OO 195-10 0.45 
28-Jun-OO 195-7 0.76 
0.0063 0.00006 0.041 0.0341 0.0021 0.00004 40.5 0.40 41.1 
0.0063 0.00005 0.041 0.0342 0.0029 0.00015 40.7 0.32 40.5 
0.0065 0.00007 0.049 0.0608 0.0020 0.00003 41.5 0.42 48.3 
0.0064 0.00005 0.041 0.0497 0 .0021 0.00003 41.1 0.35 40.5 
0.0064 0.00014 0.037 0.0870 0.0019 0.00014 41.0 0.89 36.7 
0.0064 0.00004 0.042 0.0282 0.0021 0.00002 41.4 0.23 42. l 
0.0065 0.00008 0.041 0.0511 0.0020 0.00005 41.7 0.52 40.5 
0.0065 0.00004 0.044 0.0403 0.0021 0.00003 42.0 0.28 43.4 
0.0066 0.00006 0.048 0.0567 0.0022 0.00005 42.3 0.39 47.3 
0.0066 0.00004 0.042 0.0318 0.0021 0.00003 42 .4 0.25 41.9 
0.0066 0.00004 0.045 0.0388 0.0022 0.00002 42 .6 0.26 44. 7 
0.0066 0.00004 0.039 0.0352 0.0021 0.00003 42.3 0.25 39.3 
0.0066 0.00004 0.044 0.0175 0.0021 0.00002 42.6 0.25 43 .5 
0.0067 0.00005 0.046 0.0365 0 .0022 0.00004 42 .9 0.35 45.4 
0.0067 0.00004 0.047 0.0267 0.0021 0.00002 43 . l 0.23 46.2 





1.16 41.9 0.46 
2.03 40.3 0.96 
1.71 41.8 0.65 
2.62 43.8 1.01 
1.31 42.7 0.60 
1.70 43 .8 0.43 
1.36 42.6 0 .61 
0 .74 42.2 0 .43 
1.62 44.0 0. 73 
1.21 
0.0067 0.00006 0.049 0.0575 0.0021 0.00005 43 .3 0.36 49.0 2.75 
42.6 0.47 
43.2 0.94 
0.0067 0.00006 0.043 0.0408 0 .0022 0.00013 43.l 0.42 43 .0 1.72 43 .5 2.56 
0.0067 0.00003 0.042 0.0320 0.0021 0.00002 43 . l 0.22 42.0 1.32 42.6 0.45 
0.0067 0.00004 0.043 0.0225 0 .0021 0.00003 43.3 0.28 43.2 0 .95 43 .0 0.51 
0.0068 0.00006 0.045 0.0423 0.0021 0.00003 43.5 0.37 44.7 
0.0068 0.00004 0.044 0.0304 0.0021 0.00002 43.5 0.24 43 .7 
0.0068 0.00003 0.044 0.0176 0.0022 0.00002 43 .5 0.17 43 .8 
0.0068 0.00006 0.049 0.0299 0.0021 0.00002 43 .9 0 .37 48.2 
0.0069 0.00009 0.051 0.0671 0.0021 0.00006 44.1 0.60 50.1 
0.0068 0.00004 0.044 0.0118 0.0022 0.00002 43 .8 0.23 43.5 






43 . l 0 .49 
43.9 0.41 
43 .2 0.47 
3.28 42.4 1.29 
0.50 43 .6 0.49 



























42.6 0. 25 
42.8 0.36 
42 .9 0.24 
43 . l 0.38 
43 . l 0.42 
43 .2 0. 23 

























Code Day I D 
discord 26-Aug-OO 195-10 
26-Aug-OO 195-9 
>obs:exp 28-Jun-OO 195-9 




u Th 232 ± + (ppm) (ppm) -
278 3 202 3 
383 8 296 6 
}38 uncorr'd uncorr'd uncorr'd 
Th U 206Pbl38U :!: 201 Pbl3sU 208 Ph7
32
T h :!: 
0.74 0.0069 0.00007 0.050 0.0453 0 .0024 
0.79 0.0068 0.00006 0.043 0.0405 0.0022 
0.38 0.0069 0.00003 0.045 0.0132 0.0022 
0.82 0.0076 0.00026 0.138 0.1391 0.0043 
0.87 0.0069 0.00003 0.045 0 .0218 0.0022 
0.80 0.0069 0.00007 0.047 0.0719 0.0022 
uncorr'd uncorr'd 
206 PbJ38U 201 PbJ3su 
+ ± + 
-
age age 
0.00007 44.2 0.42 49.3 2.18 
0.00004 44.0 0.38 42.9 1.70 
0.00002 44.2 0.19 44.3 0.57 
0.00043 48.8 1.65 130.9 17.09 
0.00002 44.5 0.20 44.9 0.96 













































Code Day ID 
discord 04-Dec-OO 626-27 
discord 26-Au -00 626-4 
>obs:exp g 
discord 04-Dec-OO 626-20 
discord 04-Dec-OO 626-19 
Pb 04-Dec-OO 626-30 
P b 26-Aug-OO 626-7 
Pb 04-Dec-OO 626-16 
Pb 04-Dec-OO 626-18 
Pb 04-Dec-OO 626-22 
P b 26-Aug-OO 626-6 





discord 04-Dec-OO 626-7 
















232 } 38 uncorr'd Th U 206 233 + 
Pb/ U -
uncorr'd 





T h ± 
uncorr'd uncorr'd uncorr'd 
206 238 





242 2 115 4 0 .48 
679 75 332 54 0.50 

































































age age ± age ± 
0.0081 0.00044 0.277 0.0289 0.0122 0.00111 52.2 2.84 248.0 22.96 245.3 22.07 
0.0090 0.00012 0.074 0.0835 0.0038 0.00015 57 .8 0. 74 72.8 5.87 77 .3 3.04 
0.0111 0.00025 0.285 0.0225 0.0079 0.00034 71.1 1.62 254.3 17.79 158.8 6.71 
0.0096 0.00009 0.075 0.0045 0.0028 0.00009 61.4 0.57 73 .0 4.25 
0.0095 0.00010 0.066 0.0037 0.0031 0.00007 61.2 0.66 64.5 3.51 
0.0095 . 0.00014 0.066 0.0844 0.0032 0.00011 61.3 0 .92 64.5 5.27 
0.0097 0.00010 0.080 0.0045 0.0030 0.00009 62.0 0 .67 77 .9 4.24 
0.0095 0.00010 0.061 0.0035 0.0030 0.00008 61.2 0.62 60.5 3.35 
0.0096 0.00013 0.073 0.0059 0.0030 0.00013 61.9 0.85 71.9 5.54 
0.0096 0.00015 0.067 0.0771 0.0031 0.00012 61.8 0.98 65.9 4.92 
55.7 1.77 
63.4 1.50 





0.0103 0.00024 0.153 0.0933 0.0052 0.00037 66.0 1.51 144.4 12.55 104.0 7.53 
0.0097 0.00013 0.070 0.0040 0.0030 0.0001 2 62 .3 0.83 68 .8 3.78 59.8 2.42 
0.0097 0.0001 8 0.069 0.1077 0.0030 0.00015 62 .3 1.17 67 .8 7 .06 
0.0097 0.00009 0.065 0.0032 0.0030 0.00006 62.2 0 .59 63 .6 3 .04 




0.0100 0.00011 0.096 0.0082 0.0036 0.00016 64 .0 0.67 93 . l 7 .64 72.3 3.15 
0.0099 0.00029 0.085 0.0193 0.0038 0.00023 63 .6 1.83 83.0 18.07 76.2 4.58 
0.0098 0.00010 0.064 0.0059 0.0033 0.00012 62.7 0.62 63 .1 5 .60 
0.0099 0.00017 0.078 0.0050 0.0038 0.00009 63 .7 1.11 76.l 4 .75 
0.0099 0.00010 0.074 0.0055 0.0032 0.00011 63 .6 0.62 72.l 5.19 
0.0098 0.00023 0.059 0.1427 0.0030 0.00016 63 .0 1.45 
0.0098 0.00010 0.060 0.0046 0.0031 0.00009 63.2 0 .66 
0.0099 0.00009 0.069 0.0043 0.0030 0.00006 63.6 0.60 
0.0101 0.00012 0.085 0.0064 0.0038 0.00015 64.6 0 . 75 
0.0099 0.00008 0.061 0.0031 0.0030 0.00006 63.4 0.48 
0.0100 0.00026 0.080 0.0091 0.0030 0.00018 64.5 1.65 













































































































discord 04-Dec-OO 626-24 
inher 04-Dec-OO 626-9 
inher 04-Dec-OO 626-6 
inher 26-Aug-OO 626-8 
inher 04-Dec-OO 626-2 
inher 26-Aug-OO 626-3 
inher 04-Dec-OO 626-10 
discord 04-Dec-OO 626-24 
>obs:exp 
inher 04-Dec-OO 626-29 





















232 }38 uncorr'd 
Th U 206 233 + 
Pb7 U -
uncorr'd 
201 Pbl3sU + 
uncorr'd 















age age ! age ± age 














0.0101 O.OOOll 0.076 0.0074 0.0036 0.00026 64.8 0.72 74.7 6.96 
0.0101 0.00012 0.070 0.0054 0.0034 0.00011 65.l 0.78 68.3 5.08 




0.0110 0.00024 0.177 0.0194 0.0059 0.00052 70.4 1.52 165.4 16.76 ll9.3 10.34 65.l 
0.0104 O.OOOll 0.080 0.0039 0.0032 0.00011 66.6 0.72 77.9 3.70 64.2 2.28 
0.0103 0.00010 0.072 0.0034 0.0032 O.OOOll 66.3 0.66 70.4 3.22 65.5 2.23 
0.0104 0.00036 0.083 0.1407 0.0035 0.00028 66.9 2.32 80.5 10.89 69.7 5.57 
0.0103 0.00008 0.059 0.0034 0.0032 0.00009 65.9 0.53 58.3 3.21 64.6 1.77 
0.0108 0.00028 0.074 0.0997 0.0041 0.00033 69.0 1.76 72.4 6.97 82.l 6.70 







0.0144 0.00ll5 0.545 0.0835 0.0148 0.00227 92.4 7.29 441.5 54.91 296.6 45.00 69.7 
0.0112 0.00010 0.085 0.0034 0.0038 0.00018 71.7 0.64 83.2 3.23 77.5 3.70 71.1 
0.0112 0.00013 0.077 0.0037 0.0039 0.00019 71.9 0.84 75.5 3.51 78.4 3 .82 71.7 






























Code Day ID u ± (ppm) 
Th + 
(ppm) -
232 rs uncorr'd 
Th U 206PbJ3sU ± 
uncorr'd uncorr'd 
207 235 208 232 
Pb/ U ± Pb/ Th 
uncorr'd uncorr'd uncorr'd Pb corr'd 
206 238 
Pb/ U ± 
207 235 





age age ± age ± age ± 
Pb 04-Dec-OO 679-29 0.84 0.0052 0.00004 0.031 0.0016 0.0016 0.00004 33.4 0.27 30.5 1.55 33. l 0.80 33.5 0.28 
Pb 04-Dec-OO 679-28 359 21 220 14 0.63 
Pb 04-Dec-OO 679-27 316 3 206 2 0 .67 
Pb 04-Dec-OO 679-23 
Pb 26-Aug-OO 679-4 
Pb 04-Dec-OO 679-21 
discord 04-Dec-00 679-20 
discord 04-Dec-OO 679-24 
discord 04-Dec-OO 679-2 
220 5 148 4 
04-Dec-OO 679-15 13 0 2 78 
80 
2 
04-Dec-OO 679-4 137 2 
04-Dec-OO 679-11 198 5 133 3 
26-Aug-OO 679-2 25 2 9 144 7 
04-Dec-OO 679-12 16 7 4 13 0 4 













>obs:exp04-Dec-00679-17 1116 66 1038 62 0.95 
discord 26-Aug-OO 679-7 
04-Dec-00 679-22 
discord 26-Aug-OO 679-3 




discord 04-Dec-OO 679-14 106 
discord 04-Dec-OO 679-3 9 5 
04-Dec-OO 679-13 129 3 












26-Aug-OO 679-4 192 2 121 6 
discord 04-Dec-OO 679-27 242 2 116 












0.0053 0.00007 0.041 0.0031 0.0017 0.00006 34.1 0.43 40.7 3 .06 34.9 1.14 33. 7 0.45 
0.0053 0.00005 0.034 0.0020 0 .0017 0.00004 33.9 0.32 34.0 1.97 34.9 0.91 . 33.9 0.34 
0.0055 0.00007 0.042 0.0030 0.0019 0.00007 35.2 0.43 42.2 
0.0056 0.00014 0.038 0.1418 0.0019 0.00008 36.1 0.89 38.3 







0.0057 0.00006 0.048 0.0030 0.0021 0.00007 36.7 0.38 47.7 2.88 43.4 1.33 
0.0057 0.00008 0.042 0.0029 0 .0020 0.00009 36.5 0.52 42.l 2.81 41.1 1.73 
0.0057 0.00005 0.041 0.0021 0.0021 0.00005 36.8 0.32 41.2 2.06 41.9 1.09 
0.0057 0.00006 0.043 0.0029 0.0019 0.00008 36.9 0.39 42.5 
0.0057 0.00005 0.038 0.0024 0.0018 0.00006 36.7 0.31 37.9 




0.0059 0.00025 0.059 0.1395 0.0022 0.00017 38.l 1.63 57.9 7 .85 
0.0059 0.00006 0.038 0.0020 0.0019 0.00005 37.7 0.39 38.0 1.97 
0.0060 0.00009 0.056 0.0043 0.0026 0.00012 38.6 0.58 55 .0 4.13 








0.0061 0.00016 0.054 0.1413 0.0033 0.00041 39.2 1.03 53.0 7.29 65.9 8.23 
0.0060 0.00011 0.041 0.0025 0.0019 0.00010 38.8 0.68 40.4 2.47 37.6 1.95 
0.0062 0.00021 0.055 0.1365 0.0028 0.00023 39.7 1.35 54.8 7.28 56.9 4.62 
0.0062 0.00019 0.059 0.1774 0.0022 0.00014 39.9 1.20 58.3 10.05 45.1 2.86 
0.0061 0.00008 0.046 0.0039 0.0024 0.00012 39.4 0.53 46.0 
0.0064 0.00010 0.064 0.0053 0.0024 0.00014 40.8 0.62 62.8 
0.0062 0.00007 0.040 0.0033 0.0020 0.00008 39.9 0.42 39.8 












































0.0062 0.00017 0.036 0.5779 0.0012 0.00037 40. l 1.06 36.3 20.60 24.5 7 .52 40.3 1.51 
0.0081 0.00045 0.278 0.0292 0.0121 0.00106 52.1 2.90 249.0 23.18 243.2 21.18 40.7 2.59 


















Code Day ID 
inher 04-Dec-OO 679-5 








:! 201 Pb?3su 
232 }3s uncorr'd 
Th U 206Pbl3sU 


























0.0066 0.00026 0.047 0.3440 0.0014 0.00020 42. 7 1.66 46.5 15.64 29. 1 3.94 









inber 26-Aug-OO 679-1 
discord 04-Dec-OO 679-25 





inber 26-Aug-00679-3 331 32 254 28 0.79 
inher 26-Aug-00679-8 331 32 254 28 0.79 
inber 04-Dec-OO 679-16 806 7 186 2 0.24 
inher 04-Dec-OO 679-19 8 4 3 5 3 2 0.65 
discord 04-Dec-OO 679-26 
inber 04-Dec-OO 679-9 249 2 208 2 
inber 04-Dec-OO 679-10 288 5 271 7 





discord 04-Dec-OO 679-7 1016 12 562 13 0.57 
>obs:exp 
0.0070 0.00013 0.067 0.0220 0.0025 0.00019 45.0 0.82 65 .6 1.39 49.6 3. 76 43 .9 0 .80 
0.0070 0.00013 0.067 0.0220 0.0025 0.00019 45.0 0.82 65.6 1.39 49 .6 3.76 43 .9 0.80 
0.0069 0.00003 0.045 0.0011 0.0021 0.00004 44.5 0.22 44.8 1.10 42.9 0.90 44.5 0.23 
0.0077 0.00035 0.064 0.0135 0.0028 0.00024 49.5 2.22 63.4 12.91 56.3 4.80 48.8 2.28 
0.0077 0.00022 0.038 0.0062 0.0029 0.00017 49. 7 1.39 37 .5 6.03 58.2 3.40 49.7 1.44 
0.0349 0.00015 0.239 0.0034 0.0106 0.00007 221.4 0.91 217.2 2. 77 213.9 1.45 221.6 0.93 
0.0365 0.00018 0.262 0.0052 0.0109 0.00012 231.3 1.09 236 .3 4.22 219.6 2.36 231.0 1.12 
0.0432 0.00036 0.328 0.0054 0.0138 0.00020 272.7 2.23 288.0 4.12 276.7 4.01 271.7 2.24 












Code Day ID 
discord 04-Dec-OO 698-25 
Pb 04-Dec-OO 698-29 
u + (ppm) -
201 3 
Pb 04-Dec-OO 698-24 162 5 
Pb 04-Dec-OO 698-10 191 7 
P b 04-Dec-OO 698-17 
discord 04-Dec-OO 698-23 134 3 
discord 04-Dec-OO 698-19 
Pb 04-Dec-OO 698-26 9 4 3 
Pb 04-Dec-OO 698-20 116 4 
26-Aug-OO 698-4 




04-Dec-OO 698-14 110 
04-Dec-OO 698-8 
04-Dec-OO 698-16 190 2 
26-Aug-OO 698-9 197 3 
04-Dec-OO 698-11 190 6 
04-Dec-OO 698-13 11 7 
04-Dec-OO 698-22 166 3 
discord 26-Aug-OO 698-5 
discord 04-Dec-OO 698-3 
04-Dec-OO 698-18 
118 
26-Aug-OO 698-8 144 6 
discord 04-Dec-00 698-28 
inher 04-Dec-00 698-12 12 9 2 
inher 04-Dec-OO 698-2 








8 1 2 0 .51 
172 7 0 .92 
0 .60 
7 5 2 0.57 
0 .71 
4 8 2 0.52 
5 5 2 0.49 
96 2 0.75 
0 .66 






184 3 0 .96 
9 3 3 0.50 
5 1 0.44 




94 4 0.67 
0 .43 
109 2 0.87 
0.56 
125 3 0.66 
uncorr'd 
206 Pbl38U :!: 
uncorr'd 
201 Pbl3sU 
0.0054 0.00010 0.041 
uncorr'd 
206 238 uncorr'd 
Pb/ U ± 208 232 Pb/ Th :!: :!: 
age 






0.0055 0.00008 0.030 0.0036 0.0018 0.00011 35 .3 0.51 30.2 3.55 
0.0056 0.00006 0.037 0.0028 0.0019 0.00009 36.0 0.40 36.9 2.73 
0.0057 0.00011 0.043 0.0033 0.0017 0.00006 36.3 0. 73 42.5 3.25 
0.0057 0.00013 0.042 0.0074 0.0018 0.00009 36.5 0.82 42.1 7.20 
0.0058 0.00009 0.058 0.0058 0.0023 0.00019 37 .5 0.55 57.0 5.55 
0.0060 0.00009 0.072 0.0057 0 .0027 0.00017 38.3 0.58 70.6 5.45 
0.0059 0.00009 0.064 0.0066 0.0019 0.00012 38.0 0.59 63.4 6 .26 
0.0058 0.00008 0.043 0.0035 0.0018 0.00010 37 .1 0.53 43 .1 3 .41 
0.0059 0.00015 0.045 0.1097 0 .0017 0.00014 37 .8 0.94 45.1 4.84 











39.2 1. 76 







48 .9 2.50 
0.0060 0.00011 0.065 0.1733 0.0020 0.00019 38.8 0.71 64.0 10.75 41.1 3.90 
0.0060 0.00007 0.054 0.0038 0.0019 0.00008 38.4 0.46 53.0 3.65 39.0 1.52 
0.0059 0.00007 0.045 0.0033 0.0019 0.00009 38.1 0.46 44.7 3.18 38.3 1.82 
0:0059 0.00005 0.040 0.0022 0.0020 0.00004 37 .9 0.34 39.5 2.14 40.0 0.87 
0.0059 0.00011 0.038 0.1165 0.0020 0.00010 37 .9 0.68 37 .5 4.28 40.1 2.11 
0.0059 0.00006 O.o38 0.0025 0.0020 0.00006 37 .9 0 .41 38.4 2.47 40.1 1.25 
0.0059 0.00006 0.039 0.0030 0.0019 0.00009 38.0 0 .37 38.6 2.94 37.8 1.74 
0.0060 0.00008 0.045 0.0033 0.0020 0.00008 38.4 0 .52 44.9 3.22 39.8 1.65 
0.0060 0.00011 0.049 0.1556 0.0028 0.00029 38.8 0.71 48 .5 7 .37 56.1 5.88 
0.0061 0.00008 0.055 0.0052 0.0023 0.00020 39.2 0.53 54.7 5.03 46.3 4.01 
0.0060 0.00008 0.041 0.0035 0.0020 0.00015 38. 7 0.51 41.0 3.45 40.3 3.06 
0.0061 0.00011 0.050 0.1193 0.0021 0.00016 39.1 0 .73 49.3 5 .74 42.1 3. 21 
0.0062 0.00010 0.059 0.0044 0.0030 0.00016 39.7 0.67 57.8 4.18 61.0 3.24 
0.0061 0.00011 0.042 0.0045 0.0020 0.00007 38.9 0.71 41.9 4.38 39.9 1.49 
0.0061 0.00007 0.048 0.0031 0.0020 0.00007 39.4 0.42 47.7 2.96 41.2 1.47 









































































}38 uncorr'd uncorr'd uncorr'd u Th 232 Code Day ID ± + Th U 206Pbl38U 201 PbJJsU 208 :p2 (ppm) (ppm) - :!: + Pb, Th 
discord 26-Aug-OO 698-3 254 3 278 7 1.12 0.0063 0.00014 0.069 0.1412 0.0027 
discord 26-Aug-OO 698-2 102 3 50 3 0.51 0.0065 0.00051 0.092 0.3640 0.0029 
discord 04-Dec-OO 698-4 109 l l 69 7 0.65 0.0062 0.00015 0.046 0.0043 0.0023 
discord 04-Dec-00 698-5 97 4 5 l 2 0.54 0.0062 0.00008 0.049 0.0042 0.0022 
inher 04-Dec-OO 698-15 176 3 86 2 0.50 0.0062 0.00008 0.040 0.0052 0.0020 
>obs:exp 04-Dec-OO 698-30 0.71 0.0063 0.00013 0.043 0.0025 0.0019 
inher 26-Aug-OO 698-7 114 l 83 3 0.74 0.0065 0.00053 0.038 0 .3690 0.0026 
in her 04-Dec-00 698-7 233 7 107 3 0.47 0.0069 0.00005 0.045 0.0018 0.0021 
discord 04-Dec-OO 698-9 106 2 66 2 0.63 0.0079 0.00019 0.110 0.0108 0.0042 
discord 04-Dec-00 698-1 
>obs:exp 70 l 34 l 0.49 0.0666 0.00856 6.791 0.9267 0.1975 












0.00020 40.7 0.91 67 .8 9.26 
0.00052 42.0 3.29 89.6 31.23 
0.00013 39.8 0.97 46.0 4.15 
0.00009 40.l 0.50 48.4 4.04 
0.00012 39.7 0 .50 40.0 5.03 
0.00008 40.3 0.83 43.l 2.43 
0.00015 41.8 3.40 38.2 13.84 
0.00006 44.6 0.30 44.8 l.79 
0.00025 50.4 l.20 106.3 9.89 
0.04324 415.6 51.73 2084.6 120.78 
0.00033 296.3 2.59 294.7 5.60 
uncorr'd 

























































Code Day ID U + T h + 232 ~3 8 uncorr'd - - Thi U 206 238 uncorr'd 201 Pbl3sU 
uncorr'd 
208 232 
uncorr'd uncorr'd uncorr'd 
206 238 





age (ppm) (ppm) Pb/ U :': age Pb/ Th :': :': :': age ± 
discord 26-Aug-OO 695-8 275 6 99 3 
Pb 04-Dec-OO 695-21 327 4 161 3 
04-Dec-OO 695-24 359 4 180 3 
04-Dec-00 695-18 
04-Dec-OO 695-23 376 7 252 8 
04-Dec-00 695-27 313 3 144 3 
04-Dec-OO 695-19 
discord 26-Aug-OO 695-5 228 8 104 4 
04-Dec-OO 695-25 392 6 192 4 
04-Dec-OO 695-29 254 8 9 3 3 
26-Aug-00695-1 353 14 151 7 
04-Dec-00 695-14 326 7 138 4 






281 3 160 3 
369 8 209 5 
282 5 138 3 
04-Dec-OO 695-13 202 2 125 3 
26-Aug-OO 695-9 
04-Dec-OO 695-15 188 3 72 
04-Dec-OO 695-5 
26-Aug-OO 695-4 545 8 306 8 
04-Dec-OO 695-7 
discord 04-Dec-OO 695-30 
04-Dec-OO 695-26 51 7 l 0 266 6 




























0.0052 0.00009 0.051 1().0757 0.0022 0.00019 33.7 0.56 50.5 3.73 43.5 3.77 
0.0051 0.00004 0.038 0.0020 0.0017 0.00007 33.1 0.27 37.5 1.96 34.9 1.31 
0.0052 0.00004 0.035 0.0018 0.0017 0.00005 33.3 0.28 35.2 1. 76 35 .3 1.07 
0.0054 0.00004 0.037 0.0016 0.0017 0.00003 34.6 0.28 37.0 
0.0052 0.00004 0.039 0.0018 0.0017 0.00005 33.6 0 .26 38.4 
1.55 
1.73 
0.0052 0.00006 0.036 0.0021 0.0019 0.00007 33.5 0.36 36.0 2.08 




34.3 0 .73 
0.0053 0.00011 0.040 0.0703 0.0022 0.00016 34.0 0.67 39.9 2. 75 44.8 3.17 
0.0053 0.00004 0.036 0.0017 0.0016 0.00005 33.8 0.27 35 .8 1.70 32.8 0.91 
0.0053 0.00008 0.037 0.0031 0.0016 0.00009 33.9 0.49 37.2 3.08 32.5 1.89 
0.0052 0.00010 0.031 0.0943 0.0016 0.00008 33.6 0.63 30. 7 2.85 32.8 1.62 
0.0053 0.00009 0.039 0.0041 0.0016 0.00007 34.2 0.57 38.5 3.96 32.5 1.38 
0.0053 0.00007 0.033 0.0028 0.0019 0.00008 33.9 0.48 32.6 2.78 38.2 1.65 
0.0053 0.00016 0.035 0.0039 0.0019 0.00013 34.0 1.02 35.1 3.85 37.8 2.66 
0.0053 0.00007 0.031 0.0776 0.0018 0.00007 33.8 0.45 30.7 2.35 36.5 1.39 
0.0053 0.00011 0.034 0.0038 0.0017 0.00010 34.0 0.69 33.9 3.76 33.6 2.08 
0.0054 0.00005 0.037 0.0013 0.0019 0.00005 34.4 0.30 37.0 1.24 37.8 1.01 
0.0054 0.00007 0.043 0.0594 0.0018 0.00009 34.8 0.45 42.9 2.50 37.2 1.81 
0.0053 0.00005 O.o35 0.0021 0.0016 0.00005 34.4 0.33 34.5 
0.0054 0.00011 0.034 0.1301 0.0018 0.00008 34.4 0 .73 34.3 
2.01 
4.39 
0.0054 0.00005 0.034 0.0023 0.0017 0.00008 34.5 0 .30 34.0 2.23 
0.0054 0.00005 0.036 0.0011 0.0017 0.00004 34.6 0.32 35.9 1.08 
0.0054 0.00008 0.040 0.1640 0.0017 0.00016 34.9 0 .51 39.6 6.37 
0.0054 0.00005 0.035 0.0016 0.0017 0.00005 34. 7 0.30 35.0 1.57 
0.0054 0.00011 0.044 0.0033 0.0019 0.00010 34.7 0.71 43.6 3.21 
0.0054 0.00006 0.032 0.0013 0.0017 0.00004 34.7 0.37 32.3 1.31 



































34.6 0 .32 
34.6 0.60 
34.7 0 .32 













}38 uncorr'd uncorr'd uncorr'd u Th 232 Code Day ID ± + Th U 206Pbl38U 201 Pbl3sU 208 Pbl32T h :t (ppm) (ppm) - ± 
26-Aug-OO 695-3 175 7 83 5 0.49 0.0055 0.00010 0.040 0.1023 0.0018 
26-Aug-OO 695-7 178 2 79 2 0.45 0.0055 0.00008 0.039 0.0799 0.0018 
04-Dec-OO 695-2 258 9 9 1 4 0.36 0.0055 0.00005 0.036 0.0024 0.0018 
26-Aug-OO 695-10 174 3 123 3 0.72 0.0055 O.OOOll 0.045 0.0885 0.0018 
04-Dec-OO 695-11 247 3 148 2 0.62 0.0056 0.00004 0.039 0 .0017 0.0019 
04-Dec-OO 695-3 0.39 0.0056 0.00004 0.039 0.0019 0.0019 
04-Dec-OO 695-8 0.57 0.0054 0.00005 0.034 0 .0016 0.0017 
discord 04-Dec-00 695 -22 120 1 6 3 1 0.54 0.0057 0.00007 0.052 0.0051 0.0020 
04-Dec-OO 695-4 0.61 0.0057 0.00005 0.035 0.0025 0.0019 
04-Dec-OO 695-10 162 1 99 1 0.63 0.0057 0.00006 0.039 0.0022 0.0019 
04-Dec-OO 695-9 0.42 0.0056 0.00008 0.032 0.0031 0.0019 
04-Dec-OO 695-6 0.64 0.0058 0.00006 0.037 0.0021 0.0019 









0.00011 35.3 0.67 40.2 4.04 
0.00011 35.3 0 .54 38.9 3.05 
0.00007 35. l 0.35 35.9 2.32 
0.00010 35.6 0.70 44.7 3.87 
0.00004 35.7 0.29 38.9 1.69 
0.00006 35.9 0.27 38.5 1.81 
0.00005 34.7 0 .30 34. l 1.58 
0.00012 36.8 0.45 51.1 4.92 
0.00006 36.6 0 .34 34.6 2.47 
0.00005 36.8 0.40 39.0 2.15 
0.00009 35.9 0.54 32.0 3.01 
0.00005 37.1 0 .38 36.5 2.02 







37 . l 2.00 
38.2 0 .83 
38.5 1.12 





37 .6 1.00 






35 . l 0.56 
35.l 0.37 
35.2 0.72 
35 .6 0.30 
35 .8 0 .28 




37.1 0 .58 
37.l 0.39 












Code Day ID u + (ppm) -
Th + 
(ppm) -
232 } 38 uncorr'd Th U 206 238 + Pb/ U -
uncorr'd 
207 235 
Pb/ U ± 
uncorr'd 
206 238 










Pb 26-Aug-OO 081-4 946 14 654 1 4 0.71 















26-Aug-OO 081-7 373 5 154 4 
26-Aug-OO 081-9 416 4 200 3 
discord 04-Dec-OO 081-19 247 7 90 3 
04-Dec-OO 081-18 793 7 551 7 
04-Dec-OO 081-20 
26-Aug-OO 081 -8 
04-Dec-OO 081-9 
04-Dec-OO 081-29 
04-Dec-OO 081 -28 
04-Dec-OO 081-27 
26-Aug-OO 081-1 
418 15 153 7 
506 4 235 3 
04-Dec-OO 081 -30 352 3 115 2 
04-Dec-OO 081-3 228 4 106 2 
04-Dec-OO 081-26 
04-Dec-OO 081 -13 407 8 153 3 0.39 
26-Aug-OO 081 -5 428 14 185 7 0.44 
26-Aug-00081-2 359 30 218 22 0.62 
04-Dec-OO 081 -16 390 6 148 3 0.39 
04-Dec-OO 081-5 269 7 114 4 0.44 
04-Dec-OO 081-21 516 9 213 4 0.42 
04-Dec-OO 081-25 0 .92 
26-Aug-00081-3 564 24 304 14 0.55 
04-Dec-OO 081-10 455 5 229 6 0.52 
04-Dec-OO 081 -12 412 1 1 214 7 0.53 
04-Dec-OO 081-11 465 16 260 9 0.57 
age age ± age ± 
0.0048 0.00004 0.031 0.0348 0.0015 0.00003 30.8 0.26 31.2 1.07 31.1 0.59 
0.0050 0.00005 0.032 0.0014 0.0016 0.00003 31.9 0 .32 32.2 1.34 33.3 0.67 
0.0051 0.00005 0.036 0.0544 0.0017 0.00006 32.7 0.35 36.1 1.93 34.0 1.21 
0.0051 0.00005 0.034 0 .0561 0.0017 0.00006 32.7 0.35 33.9 1.87 34.3 1. 14 
0.0054 0.00006 0.069 0.0033 0.0034 0.00016 34.5 0.40 67.7 3.16 68.6 3.20 
0.0051 0.00003 0.034 0.0009 0.0016 0.00002 32.8 0.19 33.9 0.93 32.3 0.47 
0.0051 0.00003 0.033 0.0012 0.0017 0.00004 32.8 0.20 33.3 
0.0052 0.00009 0.034 0.0488 0.0015 0.00007 33 .1 0.58 33.9 
0.0052 0.00004 0.035 0.0013 0.0016 0.00003 33.2 0.24 34.5 
0.0052 0.00005 0.036 0.0019 0.0016 0.00007 33.4 0.33 36.3 
0.0052 0.00005 0.036 0.0017 0.0018 0.00007 33.6 0.29 35. 7 
0.0052 0.00006 O.D38 0.0025 0.0018 0.00006 33.7 0.36 37.5 
0.0052 0.00005 0.035 0.0478 0.0018 0.00005 33.7 0.33 34.9 
0.0053 0.00005 0.035 0.0019 0.0018 0.00008 33 .8 0.33 34.8 
0.0053 0.00004 0.032 0.0015 0.0017 0.00005 33 .8 0.26 32.2 
0.0052 0.00006 0.033 0.0017 0.0018 0.00006 33.6 0.42 33.1 
0.0053 0.00004 0.031 0.0011 0.0018 0.00005 34.2 0.27 31.3 
0.0054 0.00006 0.036 0.0509 0.0018 0.00006 34.4 0.36 35.6 
0.0053 0.00008 0.033 0.0665 0.0019 0.00010 34.4 0.49 33.3 
0.0054 0.00007 0.034 0.0023 0.0019 0.00011 34.5 0.48 34.1 
0.0054 0.00004 0.036 0.0014 0.0017 0.00005 34.6 0.25 36. l 
0.0054 0.00004 0.036 0.0015 0.0019 0.00004 34.6 0.25 35 .6 
0.0054 0.00004 0.035 0.0014 0.0017 0.00003 34.6 0.27 34.9 
0.0054 0.00005 0.035 0.0506 0.0017 0.00005 34.7 0.32 35.0 
0.0054 0.00005 0.034 0.0010 0.0018 0.00005 34.7 0.32 34.1 
0.0054 0.00004 0.038 0 .0012 0.0017 0.00004 35 .0 0.27 37.5 
0.0055 0.00008 0.039 0.0048 0.0022 0.00039 35.0 0.52 38.6 
1.20 34.8 0.79 
1.62 31.3 1.41 
1.28 32.3 0.69 
1.90 33.0 1.35 
1.64 37.3 1.39 
2.47 36.8 1.28 







1.11 36.5 0.97 
1.78 37.2 1.14 
2.18 38.9 1.96 





































33. 7 0.34 































rs uncorr'd uncorr'd uncorr'd u Th 232 Code Day ID ± + Th U 206Pbl3sU + 201 PbJ3sU 208 :p2 (ppm) (ppm) - - :!: Pb, Th 
04-Dec-OO 081-1 0.49 0.0055 0.00005 0.035 0.0012 0.0018 
discord 04-Dec-OO 081-2 0.41 0.0055 0.00004 0.042 0.0017 0.0021 
04-Dec-OO 081-24 0.53 0.0055 0.00006 0.037 0.0019 0.0019 
04-Dec-OO 081-22 548 10 292 I 1 0.55 0.0055 0.00013 0.036 0.0025 0.0018 
04-Dec-OO 081 -15 365 4 148 2 0.42 0.0056 0.00004 O.o31 0.0013 0.0017 
>obs:exp 04-Dec-OO 081-6 504 8 151 3 0 .31 0.0083 0.00007 0.054 0 .0011 0.0022 
inher 04-Dec-OO 081-7 0.69 O.OllO 0.00012 0.068 0 .0038 0.0035 
inher 04-Dec-OO 081-4 107 3 49 1 0 .47 0.0114 0.00010 0.075 0.0031 0.0035 
in her 04-Dec-OO 081-8 0.32 O.Ol19 0.00014 0.080 0 .0037 0.0036 
>obs:exp 04-Dec-OO 081-23 208 3 130 2 0.64 0.0336 0.00029 0.225 0.0045 O.Ol18 







U + ± 
-
age age 
0.00004 35.l 0.30 34.9 
0.00005 35.7 0.27 41.9 
0.00006 35.6 0.38 37.3 
0.000ll 35.6 0.85 35.6 
0.00004 35 .7 0.23 31.4 
0.00004 53.2 0.42 53.3 
O.OOOll 70.4 0.78 67.2 
0.00010 73.0 0.62 73.3 
0.00015 76 .2 0.91 78.4 
0.00017 212.8 1.82 205.9 






:!: age ± 
1.21 36.0 0.78 
1.64 41.6 1.08 
1.81 37.6 1.28 
2.46 36. l 2.14 
1.26 35.l 0 .83 
1.10 44. l 0.84 
3.63 71.0 2.27 
2.90 70. l 2.04 
3.44 73.l 3.02 
3.76 236.2 3.39 











































Legend (These data have been submitted to Geology, Data Repository item 2001042) 
a Data rejected on the basis of a ratio -6etween the observed error to expected error being greater than 2 
b Data rejected on the basis of internal discordance worse than 0.05 
1 Likely Pb loss, on the basis of probability distribution 
2 Likely inheritance, on the basis of probability distribution 
Pb Likely Pb loss - data from 3 sessions combined, on the basis of probability distribution 
















Code Day East 
Pb 1 6-Aug-99 14. l 
Pb 1 6-Aug-99 13.l 
Pb 6-Aug-99 12. l 
Pb 6-Aug-99 36. l 





6-Aug-99 39 . l 
6-Aug-99 37.1 
6-Aug-99 18.1 
6-Aug-99 1. 1 
6-Aug-99 26. I 
6-Aug-99 27.1 
6-Aug-99 15.I 
6-Aug-99 33 .1 
6-Aug-99 17. I 
6-Aug-99 32.1 
b 6-Aug-99 4.1 
6-Aug-99 38.I 
6-Aug-99 21.1 
6-Aug-99 11 . I 
6-Aug-99 24.1 




b 6-Aug-99 6.1 
2 6-Aug-99 40. I 
b 6-Aug-99 2.1 
2 6-Aug-99 23 . I 
2 6-Aug-99 34.1 
2 6-Aug-99 20. l 
inher 2 6-Aug-99 22.1 
inher 2 6-Aug-99 3.1 
a 6-Aug-99 25. l 
a 6-Aug-99 8.1 
a 6-Aug-99 JO.I 























































































































+ 232 :p8 uncorr'd 




































































































































































































































































































































206 438 + 




























































































































208 :Z32 .:t 
t Pb/ Th age 

















































































































































































































Code Day East 
b 1 ll -Aug-
11-Aug-99 5.1 
11-Aug-99 17.1 
b 11-Aug-99 7 .1 
11-Aug-99 24.1 
b 11-Aug-99 28.1 
b 11 -Aug-99 13.1 
11 -Aug-99 4.1 
11 -Aug-99 20.1 
11-Aug-99 27 .1 
11-Aug-99 2.1 
11-Aug-99 29.1 
b 11-Aug-99 14.1 
ll-Aug-99 26.1 
11-Aug-99 3 .1 
11-Aug-99 25.1 
11 -Aug-99 21.l 
11-Aug-99 22.1 
b 11-Aug-99 15.1 
b 11-Aug-99 16.1 
ll -Aug-99 10.1 
b 11-Aug-99 32.1 
a ,b 11-Aug-99 19.1 
11-Aug-99 1.1 
11-Aug-99 12.1 
a,b 11-Aug-99 8.1 
11-Aug-99 6.1 
b 11-Aug-99 31.l 
b ll -Aug-99 11.l 
2 1 l-Aug-99 23.1 




























































































+ 232 µs uncorr'd 











































































































0.036 0 .067 
0.043 0.063 
0.086 0 .. 086 
0.039 0 . 063 
0.079 0.080 
0.180 0.159 
0.032 0 .. 081 









































































+ 207 ~5 





































































































































































































































232 J38 uncorr'd uncorr'd uncorr'd uncorr'd uncorr'd uncorr'd P bcorr'd 
Code Day East U (ppm) :!: Th (ppm) ± Th U 206 Z38 + 201 ~s ±. 208 zn + 206 :Z38 + 201 z3s + 208 z32 :!: 206Pbz33Uage ± Pbt U - Pb/ U Pb/ Th - Pb/ U age - Pb/ U age - Pb/ Th age I _ 
Pb l 20-Jan-OO 16.l 453 6 289 5 0.65 0.0049 0.0000 o.o28 0.085 0.0016 0.0001 31.6 o.3 28.3 2.4 32.9 1.0 31.8 o.3 
a 20-Jan-OO 20. l 672 3 l 158 8 0.24 0.0051 0.0002 0.037 0.066 0.0020 0.0001 33.0 1.5 36.8 2.4 39.8 l. 7 32.8 1.5 
Pb 20-Jan-OO 4.1 306 l 1 228 1 0 0. 76 0.0052 0.0001 0.042 0.061 0.0018 0.0001 33.5 0.7 41.6 2.5 36.9 1.6 33. l 0. 7 
Pb 20-Jan-00 18.l 384 7 237 5 0.63 0.0051 0.0001 0.030 0.076 0.0016 0.0001 33.0 0.5 29.7 2.2 32.3 1.3 33 .2 0.5 
Pb 20-Jan-OO l. l 325 6 23 7 8 0. 75 0.0051 0.0001 0.031 0.086 0.0017 0.0001 33 . l 0.5 30.7 2.6 34.2 1.1 33.2 0.5 
20-Jan-OO 40.l 380 5 211 7 0.57 0.0052 0.0001 O.o38 0 .. 076 0.0019 0.0001 33 .5 0.6 37.7 2.8 37.8 1.3 33.3 0.6 
20-Jan-OO 19.l 553 9 416 15 0.77 0.0052 0.0001 0.033 0 .. 079 0.0017 0.0001 33.4 0.4 33.4 2.6 34.l 2.1 33.4 0.5 
20-Jan-00 3.1 434 7 354 9 0.84 0.0052 0.0001 0.033 0.072 0.0016 0.0000 33.5 0.5 33.3 2.4 33.2 0.8 33.5 0.6 
20-Jan-OO 32.l 645 9 543 14 0.86 0.0052 0.0001 0.033 0.049 0.0016 0.0000 33 .5 0.4 33.4 1.6 32.3 0.8 33 .5 0.4 
20-Jan-OO 12.l 514 8 450 11 0.90 0.0053 0.0001 0.035 0.067 0.0017 0.0000 33 .8 0.5 35.4 2.3 34.7 0.8 33.7 0.5 
b 20-Jan-00 35 . l 516 1 2 349 12 0.69 0.0054 0.0001 0.049 0.045 0.0019 0.0001 34.5 0 .5 48.8 2.1 37.7 1.1 33.7 0.5 
20-Jan-OO 2.1 294 8 194 7 0.68 0.0053 0.0001 0.033 0.078 0.0017 0.0001 33.8 0 .8 32.8 2.5 35.2 1.3 33.8 0.8 
20-Jan-00 27.I 659 8 463 l 0 0.72 0.0053 0.0001 O.o35 0.053 0.0016 0.0000 34.0 0 .4 34.7 1.8 33.0 0.8 34.0 0.4 
b 20-Jan-00 13. I 170 4 8 7 3 0.53 0.0054 0.0001 0.045 0.107 0.0020 0.0002 34. 7 0. 7 44.6 4. 7 41.4 4.4 34.2 0. 7 
20-Jan-OO 29. I 830 I 9 881 2 5 l.09 0.0053 0.0001 O.o35 0.038 0.0017 0.0001 34.3 0 .3 34.5 1.3 33.8 1.2 34.3 0.4 
20-Jan-00 14.1 209 4 153 4 0.75 0.0054 0.0001 0.036 0.126 0.0018 0.0001 34.5 0.7 36.2 4.5 35.9 1.2 34.4 0.7 
20-Jan-OO 37.l 844 12 703 16 0.85 0.0054 0.0001 0.036 0.050 0.0017 0.0000 34.6 0.5 35.6 1.7 33.5 0 .7 34.5 0.5 
20-Jan-OO 26.I 711 13 604 15 0.87 0.0054 0.0001 0.036 0 .. 060 0.0017 0.0000 34.7 0.4 35.9 2.1 34.4 0 .9 34.6 0.4 
a 20-Jan-00 28. l 881 6 2 773 5 7 0.90 0.0054 0.0002 O.o35 0 . .105 0.0015 0.0001 34. 7 1.6 35.0 3.6 30.9 1.9 34.7 1.6 
20-Jan-OO 15. l 419 6 212 7 0.52 0.0055 0.0001 0.048 0 .. 060 0.0021 0.0001 35.4 0 .5 4 7.8 2.8 42.0 1.5 34.7 0.5 
20-Jan-00 30. I 635 I 0 480 I 0 0.78 0.0054 0.0001 0.033 0.064 0.0017 0.0000 34. 7 0.4 33.3 2.1 33.5 0.8 34.8 0.4 
20-Jan-OO 31.1 244 13 103 7 0.43 0.0054 0.0001 O.o38 0.154 0.0018 0.0001 34.9 0.6 37.7 5.7 35.4 1.9 34.8 0.7 
20-Jan-OO 11.1 433 8 299 12 0.71 0.0054 0.0001 0.039 0.060 0.0017 0.0001 35.0 0 .6 39.0 2.3 34.3 1.1 34.8 0.6 
20-Jan-OO 23. I 4 73 I 0 318 7 0.69 0.0054 0.0001 0.032 0.061 0.0018 0.0001 34.8 0.5 32.3 1.9 36.3 1.4 34.9 0.5 
b 20-Jan-OO 6.1 216 7 129 5 0.61 0.0056 0.0001 0.049 0.076 0.0021 0.0001 35.8 0 .7 48.4 3.6 42. l 2.2 35. I 0.8 
20-Jan-OO 24.l 358 9 283 l 0 0.81 0.0055 0.0001 0.040 0.064 0.0019 0.0001 35.4 0.8 39.6 2.5 37.6 1.2 35.2 0.8 
20-Jan-OO 25.1 589 28 554 34 0.96 0.0055 0.0001 0.039 0.061 0.0017 0.0000 35.4 0.5 39.3 2.4 34.9 1.0 35.2 0.5 
20-Jan-OO 17.l 637 18 694 26 1.12 0.0055 0.0001 O.o35 0 .. 057 0.0018 0.0001 35.2 0.7 35.2 2.0 36.3 1.4 35.2 0.8 
20-Jan-OO 10.l 254 8 183 9 0.74 0.0055 0.0001 0.039 0.091 0.0020 0.0001 35.6 0.9 39.2 3.5 39.5 1.6 35.4 0 .9 
20-Jan-00 36.I 227 3 176 3 0.80 0.0058 0.0001 0.060 0.061 0.0020 0.0001 37.0 0.8 59.3 3.5 39.5 1.7 35.8 0.8 
20-Jan-OO 5.1 280 8 120 4 0.44 0.0056 0.0001 O.o38 0.091 0.0018 0.0001 35.9 0.6 37.5 3.3 37.1 1.4 35.8 0.6 
20-Jan-OO 34.1 636 1 0 539 9 0.87 0.0056 0.0001 0.036 0.050 0.0018 0.0000 35.8 0.4 35.8 l. 7 36.5 0.8 35.8 0.4 
2 20-Jan-00 38.l 616 11 428 11 0.71 0.0056 0.0001 0.034 0.049 0.0018 0.0001 35.8 0.6 33.9 1.6 36.l 1.2 35.9 0 .6 
2 20-Jan-00 39.l 185 I 2 124 8 0.69 0.0059 0.0001 0.063 0.070 0.0018 0.0001 37.7 0.8 62.0 4.2 36.3 2.5 36.4 0.8 
b 20-Jan-OO 33 .l 136 5 79 3 0.60 0.0057 0.0001 0.044 0.120 0.0021 0.0001 37.0 0.9 43.6 5.1 42.2 2.7 36.6 1.0 
a 20-Jan-OO 22. l 557 3 7 388 3 5 0. 72 0.0057 0.0001 0.035 0.061 0.0017 0.0001 36.8 0.8 34.8 2.1 35.0 1.5 36.9 0.8 
b 20-Jan-OO 9.1 855 25 752 24 0.90 0.0059 0.0001 0.049 0.100 0.0022 0.0001 37.7 0.6 48.2 4.7 44.4 2.4 37.l 0.6 
b 20-Jan-OO 21.1 263 13 179 18 0.70 0.0059 0.0001 0.052 0.151 0.0025 0.0001 38.0 0.8 51.l 7.5 51.2 2.6 37.3 0.9 
inher 2 20-Jan-00 28.2 268 13 238 13 0.91 0.0061 0.0001 0.046 0.236 0.0020 0.0001 39.3 0 .9 46.l 11 40.3 1.5 39.0 l.1 
inher 2 20-Jan-OO 8.1 133 6 84 5 0.64 0.0065 0.0002 0.044 0.106 0.0022 0.0002 41.8 1.0 43.9 4.6 43.9 3.2 41.7 1.1 
b 20-Jan-OO 28.3 249 9 130 7 0.53 0.0086 0.0004 0.074 0.061 0.0032 0.0003 55.I 2.5 72.3 4.2 64.7 5.6 54.2 2.5 
a 20-Jan-OO 7. I 286 5 148 4 0.53 0.0091 0.0004 0.061 0.080 0.0028 0.0002 58.3 2.8 60.5 4. 7 57 .5 3.2 58.2 2.8 













Pb 1 6-Aug-99 




























inher 2 6-Aug-99 
inher 2 6-Aug-99 
inher 2 6-Aug-99 
inher 2 6-Aug-99 
inher 2 6-Aug-99 
a,b 6-Aug-99 
a,b 6-Aug-99 
West U (ppm) "!:. 
9 .1 64 11 
33.1 608 8 
11.1 589 12 
17.l 647 7 
1.1 497 9 
32.1 849 1 2 
12.l 718 28 
13.1 711 28 
38.l 1024 7 
37.1 1229 24 
34.1 779 2 7 
16.1 594 4 
35.1 1161 1 2 
28.1 988 1 5 
31.1 981 12 
20.l 532 6 
26.1 685 I 3 
15.l 556 8 
21.1 1027 20 
10.1 404 5 
24.1 1232 9 
25.l 549 4 
29.1 566 4 
19.l 642 I 5 
27.1 681 9 
30.1 912 19 
6.1 593 5 
8.1 180 4 
36.1 628 3 4 
7.1 757 5 
5.1 959 18 
2.1 305 1 0 
22.1 940 14 
23.1 1269 32 
4 . 1 556 34 
18.l 474 4 







































+ 232 µs uncorr'd 




















































































































































































































































































33 .5 0.5 
32.9 0.6 
33.2 0.5 
33.3 0 .5 
33.4 0.5 









34.4 0 .5 
34.4 0.5 
34.8 0.6 























































208 432 ~ 
±. Pbt Th age 






4 .8 41.1 





I. 7 32.0 
2.0 32.6 
2.2 32.l 










2.3 33 .4 
2.8 32.l 












































































































































Pb l ll-Aug-99 
Pb l ll-Aug-99 
b ll-Aug-99 
Pb l ll-Aug-99 

























b l l-Aug-99 
inher 2 ll-Aug-99 
inher 2 ll-Aug-99 
b ll -Aug-99 
inher 2 l l-Aug-99 
inher 2 ll-Aug-99 
a ll-Aug-99 
inher 2 ll -Aug-99 
West U (ppm) 











14. l 616 
12.I 870 
17.l 3681 








24. l 761 
30.I 662 
16.l 364 












































I 3 229 
6 359 
3 0 968 
2 7 6 
11 296 
6 197 
l 0 104 
3 211 
+ 232 138 uncorr'd 















































































































































































































































+ 206 ,38 












0.0001 33. l 
0.0000 33.I 


























+ 201 Z35 
- Pb! U age 
2.0 119.9 
0 .3 28.4 
l.3 49.4 






0 .5 33.I 
0.5 34.3 
0 .5 35. l 
0 .4 34.5 
0.3 33.2 
0.5 38.9 
0 .5 37.8 
l.O 53.7 
0 .5 39.8 
0 .9 37.8 
0.4 32.7 
0.6 35.6 
0 .5 37.3 
0.5 33.2 
0.5 33 .2 
0 .6 43.7 
0.8 35.6 
0 .5 34.8 
0.5 33.3 











uncorr'd P bcorr'd 
+ 208 ,32 + 206 , 38 + 











































































































































































































Pb 1 20-Jao-OO 
































West U (ppm) !. 
9.1 4 7 0 
14.1 557 16 
16.l 710 22 
7 .1 408 I 5 
10.1 373 11 
12.I 569 25 
13.1 430 8 
30.1 865 15 
18.I 440 10 
26.1 793 9 
6.1 295 8 
23.1 492 22 
40.1 382 6 
19.1 764 32 
21.1 357 11 
31.1 359 3 
8.1 660 8 
4 .1 441 20 
29.1 767 40 
28.1 503 10 
24.1 673 3 6 
33.1 445 6 
22.1 434 9 
39.1 523 24 
17.1 611 18 
5.1 743 60 
20.l 414 23 
27.1 352 15 
1.1 375 1 0 
3.1 380 22 
11.1 128 2 
32.1 417 12 






















inher 2 20-Jao-00 37.1 
a 20-Jao-OO 36.l 
inher 2 20-Jao-OO 34.1 
b 20-Jao-OO 15 .1 
inher 2 20-Jao-OO 37.2 












































+ n2 i3s uncorr'd 




































+ 201 z35 + 
- Pb t U --
















































































































































































































































































































































+ 207 ~35 
- Pbt U age ±-
























































































































































































































































































































Code Day Bench U (ppm) 
6-Aug-99 17 .1 1390 
6-Aug-99 20.I 1024 
6-Aug-99 14. I 599 
6-Aug-99 1.1 1113 
6-Aug-99 25.1 840 
6-Aug-99 28. I 712 
6-Aug-99 I I.I 84 7 
6-Aug-99 8. I I 048 
6-Aug-99 34.1 I 030 
6-Aug-99 31.1 548 
6-Aug-99 10.1 701 
a,b 6-Aug-99 37.1 64 
6-Aug-99 24.1 789 
6-Aug-99 12. I 63 2 
6-Aug-99 38.1 870 
6-Aug-99 32.1 808 
6-Aug-99 36. I 731 
6-Aug-99 22.1 I 092 
6-Aug-99 15.1 493 
6-Aug-99 9.1 813 
6-Aug-99 30.1 811 
b 6-Aug-99 13.1 584 
6-Aug-99 3.1 496 
6-Aug-99 40.1 519 
b 6-Aug-99 21.1 599 
6-Aug-99 5.1 713 
6-Aug-99 6 .1 755 
6-Aug-99 27.1 977 
6-Aug-99 16.1 364 
2 6-Aug-99 2 .1 594 
2 6-Aug-99 7 .1 551 
2 6-Aug-99 35. l 567 
2 6-Aug-99 26.l 488 
2 6-Aug-99 23 .1 884 
2 6-Aug-99 29.1 258 
inher 2 6-Aug-99 18.1 212 
a ,b 6-Aug-99 4.1 8 9 
inher 2 6-Aug-99 19.1 853 
"!:. Th (ppm) 
5 5 1427 
12 716 
20 412 
1 7 758 
6 535 
16 309 
1 3 655 









1 2 423 
10 722 
5 247 
2 2 689 
















2 7 3 
45 631 
uncorr'd 



























































































































































207 ZJ5 + Pbt U --
0.027 0 .049 
0.033 0 . 070 




0 .035 0 .. 051 
0.032 0.077 
0.034 0.068 
0.037 0 .089 
0.037 0 .060 
0.214 0 .563 
0.039 0 .072 
0.031 0 .061 
0.032 0 .087 
0.031 0 .068 
0.042 0 .052 
0.037 0 .058 
0.032 0 .059 
0.031 0 .. 074 
0.037 0 .069 
0.048 0 .072 
0.031 0 .086 
0.045 0 .086 
0.043 0.069 
0.037 0 .067 
0.035 0.055 
0.033 0.062 
0.036 0 .065 
0.035 0 .049 
0.032 0 .083 
0.039 0.078 
0.037 0 .084 
0.037 0 .069 
0.056 0 .098 
0.047 0 .106 














































+ 206 Z38 
- Pb! U age :!: 207 Pbl35U age 
0.0001 30.8 0 .4 27.3 
0 .0001 32.0 0.4 33 .3 
0.0000 33.0 0 .7 47.3 
0.0000 32.4 0.4 34.2 
0 .0000 32.8 0 .5 37.9 
0.0001 33 . l 0 .5 36.8 
0.0001 33.0 0.5 34.6 
0.0002 33 .0 0.4 32.4 
0.0000 33.3 0 .4 34.2 
0.0001 33.7 0 .6 37.3 
0.0001 33.7 0 .4 37.0 
0.0003 42.2 2.8 196.7 
0.0001 33.8 0.5 39.2 
0.0001 33.4 0.5 31.1 
0.0001 33.6 0 .5 32. l 
0.0001 33.5 0.6 31.3 
0.0001 34.2 0.5 41.7 
0.0000 33.9 0.5 36.6 
0.0001 34.0 0 .5 31.8 
0.0001 34.1 0.5 30.8 
0.0001 34.5 0 .5 37. I 
0.0002 35.0 0 .7 48.0 
0.0001 34.3 0 .4 31.3 
0.0001 35.0 0 .6 45.1 
0.0001 34.9 0 .5 43.2 
0.0001 35.0 0 .5 36.6 
0.0000 35.0 0.4 35.4 
0 .0000 35.0 0.4 32.5 
0.0001 35.2 0 .6 35.6 
0.0001 35.7 0 .4 35.0 
0.0001 35.6 0 .6 32.3 
0.0001 36.1 0 .8 38.9 
0.0001 36.3 0 .5 36.9 
0.0001 36.5 0.4 37.1 
0 .0001 37.6 1.0 55.4 
0.0001 38.0 0 .8 46.5 
0.0012 53 .0 3.9 288.8 
0.0001 62.3 0.8 65.8 
uncorr'd 
208 232 .:!: 
±. Pb! Th age 
=P~m~ 
206 Pb?38Uage ± 















































































































































































































11 -Aug-99 14.1 
b 11-Aug-99 20.1 
11-Aug-99 18.1 
11-Aug-99 32.1 




b 11-Aug-99 4 .1 
b 11-Aug-99 5.1 
11-Aug-99 22.1 
11-Aug-99 8 .1 
11-Aug-99 16.1 
11-Aug-99 2 .1 
2 11-Aug-99 13.1 
2 11-Aug-99 29.l 
2 11-Aug-99 1.1 
2 11-Aug-99 12.1 
a 11-Aug-99 7.1 
b 11-Aug-99 6.1 
b 11-Aug-99 26.2 
b 11-Aug-99 21.2 
b 11-Aug-99 6.2 
inher 2 11-Aug-99 30.1 
b 1 l-Aug-99 4.2 
inher 2 11-Aug-99 11.1 
a 11-Aug-99 13 .2 
inher 2 11-Aug-99 3.1 





1464 2 2 
775 29 
1020 1 5 
419 7 
499 8 























1300 3 3 
273 7 






































+ 232 ~8 uncorr'd 



















































































































































201 Pbl35U t 
0.035 0 .. 083 
0.031 0 .. 066 
0.032 0 .. 047 
O.o38 0 .. 071 
0.029 0 .. 086 
0.033 0 .. 036 
O.o30 0.075 
0.036 0.057 
0.033 0 .. 086 
O.o38 0 .. 081 
O.o35 0 .. 057 
O.o35 0 .. 071 
0.035 O . .Q91 
0.031 0 . .o90 
O.o35 0 .. 084 
0.041 0 .. 111 
0.040 0 .. 069 
0.042 0 .. 089 
0.039 0.079 
0.032 0 .. 085 
0.033 0 .. 072 
0.036 O . .o78 
0.036 0.173 
0.044 0 .. 091 
0.049 0 . .111 
0.036 0.049 
0.039 0 .. 030 
0.054 0 .. 086 
0.052 0 .. 191 
0.452 0 .. 123 
0.o78 0 .. 102 
0.053 0 .. 082 
0.379 0 .. 073 
0.050 0 .. 035 
0.077 0 .. 139 
















































































206 ~38 + 




31.6 0 .5 
31.9 0.5 
32.3 0.3 
32.1 0 .6 
32.5 0.4 
32.6 0 .5 
32.9 0 .6 
32.9 0.4 
33 .0 0.5 
33 .0 0 .6 
33.1 0 .6 
33.3 0.5 























Pb/ U age t 
35.0 2.8 
30.6 2.0 









35. l 2.4 













35 .8 1.7 
38.6 1.1 
53.2 4 .4 
51.0 9.5 
378.5 3 9 
76.2 7.5 




262.3 1 2 
uncorr'd 

































































































































































232 ~8 uncorr'd uncorr'd uncorr'd uncorr'd uncorr'd uncorr'd P bcorr'd 
Code Day Bench U (ppm) :':. Th (ppm) ± Th/ U 206 ~38 :':. 201 ~5 t 208 '.432 + 206 '.438 + 201 z35 + 208 z32 .:!: 206 Pb~38 Uage ± Pb/ u Pb/ u Pb/ Th - Pb/ u age - Pb/ u age - Pb/ Th age I 
20-Jan-OO -8.1 115 3 121 4 1.08 0.0049 0.0001 0.034 0.161 0.0014 0.0001 31.2 0 .9 33.9 5.4 28.9 1.5 31.1 o.9 
20-Jan-OO 33. I 579 I 4 252 6 0.45 0.0049 0.0001 0.034 0.056 0.0017 0.0000 31.8 0.4 33 .9 1.9 33.5 0.8 31.7 0.4 
20-Jan-00 9.1 609 I 5 434 14 0. 73 0.0050 0.0001 0.037 0.058 0.0015 0.0000 31.9 0.4 36.4 2.1 31.2 0.6 31.7 0.4 
20-Jan-OO 36. I 321 I 4 139 6 0.45 0.0050 0.0001 0.045 0.096 0.0015 0.0001 32.4 0.6 44.5 4.2 31.3 I. 7 31.8 0. 7 
20-Jan-OO 14.1 590 23 428 20 0.74 0.0049 0.0001 0.030 0.073 0.0016 0.0000 31.8 0.4 29.7 2.1 31.6 0.7 31.9 0.4 
20-Jan-OO I. I 808 3 4 809 3 5 1.03 0.0050 0.0000 0.034 0.074 0.0015 0.0000 32.0 0 .3 33.8 2.5 31.0 0 .9 31.9 0.3 
20-Jan-OO 11 .I 646 7 569 8 0.90 0.0050 0.0001 0.032 0.043 0.0016 0.0000 32.2 0.3 32.0 1.4 32.5 0.7 32.2 0.4 
I 20-Jan-OO 40. I 1007 I 5 819 I 8 0.83 0.0051 0.0001 0.033 0.044 0.0016 0.0000 32.5 0 .4 32.9 1.4 31.9 0.9 32.5 0.4 
20-Jan-00 26.1 650 11 433 11 0.68 0.0051 0.0001 0.033 0.067 0.0016 0.0000 32.7 0.6 32.9 2.2 31.4 1.0 32.7 0.6 
20-Jan-OO 12.l 358 10 188 6 0.54 0.0051 0.0001 0.033 0.067 0.0017 0.0001 32.8 0 .4 33.3 2.2 33.8 1.2 32.7 0.4 
20-Jan-OO 10.I 503 16 373 14 0.76 0.0050 0.0001 0.027 0.075 0.0016 0.0000 32.5 0.4 27.0 2.0 31.8 0 .7 32.7 0.4 
a 20-Jan-OO 24.1 826 31 620 29 0.77 0.0051 0.0002 O.o35 0.064 0.0015 0.0000 33.0 1.3 35.3 2.2 30.5 0.7 32.9 1.3 
20-Jan-OO 6.1 297 3 123 2 0.42 0.0051 0.0001 0.031 0 .. 083 0.0017 0.0001 32.8 0 .6 30.6 2.5 34.9 1.5 32.9 0.6 
20-Jan-OO 30.1 492 6 224 3 0.47 0.0051 0.0001 0.036 0 .. 069 0.0017 0.0001 33.0 0.6 35.5 2.4 34.0 1.2 32.9 0.6 
a 20-Jan-00 23 .1 5611 118 255 6 0.05 0.0051 0.0000 0.033 0.020 0.0016 0.0001 33.0 0.2 33.0 0.7 32.2 1.3 33.0 0.2 
20-Jan-OO 2.1 448 15 279 12 0.64 0.0051 0.0001 0.034 0.061 0.0016 0.0001 33.1 0 .7 34.2 2.0 33 .2 1.2 33 .0 0.7 
20-Jan-OO 31.1 461 13 204 8 0.45 0.0052 0.0001 0.036 0.078 0.0017 0.0000 33.1 0.4 35.5 2.7 34.5 0.9 33.0 0.4 
20-Jan-00 25.1 424 I 0 248 7 0.60 0.0052 0.0001 0.039 0.066 0.0016 0.0001 33.4 0.5 39.0 2.5 33 .I 1.3 33.1 0.5 
20-Jan-OO 13.1 395 4 165 3 0.43 0.0052 0.0001 0.030 0.080 0.0017 0.0001 33.2 0.5 29.9 2.3 33.7 1.3 33.4 0.5 
20-Jan-OO 5.1 509 2 7 304 17 0.61 0.0052 0.0001 0.033 0.073 0.0016 0.0001 33 .4 0.8 33.1 2.4 32.7 1.9 33.4 0.8 
a 20-Jan-OO 4.1 491 19 385 19 0.80 0.0052 0.0001 0.037 0.069 0.0017 0.0001 33.6 0 .6 36.4 2.5 33.9 1.2 33 .5 0.6 
a 20-Jan-OO 3.1 462 31 331 26 0.73 0.0052 0.0001 0.034 0.067 0.0017 0.0001 33.5 0.7 33 .6 2.2 34.2 1.4 33.5 0.7 
b 20-Jan-OO 39.l 151 5 8 3 4 0.57 0.0054 0.0001 0.058 0.101 0.0023 0.0001 34.7 0.9 57.4 5 .6 45.5 2.9 33.6 0.9 
20-Jan-OO 28. l 767 3 0 505 2 5 0.68 0.0053 0.0001 0.037 0.069 0.0016 0.0000 34.0 0.4 36.5 2.5 32.7 0 .8 33.8 0.4 
20-Jan-OO 34.l 428 2 7 224 16 0.54 0.0053 0.0001 0.038 0.104 0.0016 0.0001 34.2 0.7 38.2 3.9 32.5 1.7 33.9 0.7 
20-Jan-OO 17. l 368 11 188 7 0.52 0.0053 0.0001 0.039 0.064 0.0018 0.0001 34.4 0.5 39.0 2.5 35.9 1.6 34.1 0.5 
20-Jan-00 29. l 398 15 166 10 0.43 0.0053 0.0001 0.036 0.070 0.0017 0.0001 34.3 0 .6 36.3 2.5 33.7 2.4 34.2 0.6 
a 20-Jan-OO 15.l 414 23 238 15 0.59 0.0054 0.0001 0.038 0.082 0.0017 0.0001 34.4 0 .9 37.7 3.0 33.9 1.3 34.3 1.0 
20-Jan-OO 7 .1 463 I 9 253 11 0.56 0.0053 0.0001 0.033 0.067 0.0016 0.0001 34.3 0 .6 33.4 2.2 33. I 1.2 34.3 0.6 
20-Jan-OO 32.1 376 11 158 6 0.43 0.0053 0.0001 O.Q28 0.094 0.0018 0.0001 34.1 0.5 28.1 2.6 35.6 1.6 34.4 0.5 
20-Jan-OO 20.1 416 36 243 27 0.60 0.0054 0.0001 O.Q38 0.097 0.0019 0.0002 34.9 0 .8 37.9 3.6 38.I 3.5 34.7 0.8 
20-Jan-00 27.1 393 I 0 198 1 2 0.52 0.0054 0.0001 0.033 0.080 0.0018 0.0001 34. 7 0. 7 33.5 2.6 36.0 1.2 34.8 0. 7 
20-Jan-OO 38.1 604 9 184 4 0.31 0.0054 0.0001 0.032 0.070 0.0016 0.0001 34.9 0 .5 32.4 2.2 32.6 1.3 35.0 0.5 
20-Jan-OO 16.1 237 12 163 9 0.71 0.0055 0.0001 0.046 0.103 0.0019 0.0001 35.5 0.8 45.2 4.5 38.6 1.8 35.0 0.8 
inher 2 20-Jan-OO 35.1 500 10 406 18 0.83 0.0058 0.0001 0.039 0.065 0.0019 0.0001 37.2 0 .7 39.1 2.5 38.5 1.4 37.l 0.7 
a,b 20-Jan-OO 22.1 1622 69 751 41 0.47 0.0057 0.0001 0.019 0.080 0.0009 0.0001 36.9 0.5 18.9 1.5 19. l 1.5 37.8 0.5 
inher 2 20-Jan-OO 18. I 707 68 1218 123 1.77 0.0059 0.0002 0.034 0.076 0.0017 0.0000 37.7 1.1 34.2 2.5 34.6 0.8 37.9 I.I 
inher 2 20-Jan-OO 19.l 191 3 116 2 0.62 0.0064 0.0001 0.037 0.121 0.0023 0.0001 41.1 0.8 37.3 4 .4 46.5 2.7 41.2 0.8 
inher 2 20-Jan-00 5. 2 
inher 2 20-Jan-OO 3 7 .1 
















0.0068 0.0003 0.039 0.399 0.0019 0.0002 
0.0071 0.0001 0.056 0:064 0.0023 0.0001 



















































Grain.spot Pb* ppm U ppm Th ppm Th/U b 'db + 
uncorr -
Radomiro Tomic major facies porphyry 98-695 
14.1 5 772 733 0.95 0.00141 40 
13.1 3 430 392 0.91 0.00212 5 4 
9.1 2 420 329 0.78 0.00258 7 5 
6.1 4 677 511 0.75 0.00045 3 9 
7.1 4 654 578 0.88 0.00153 61 
5.1 4 715 378 0.53 0.00098 40 


























Opache mine porphyry 98-698 
1.1 1 184 
6.1 1 9 7 





























11.1 1 109 
13. l 













112 0.45 0.00160 7 3 
362 0.57 0.00116 3 4 
557 0.76 0.00054 33 
344 0.67 0.00188 7 0 
646 0.95 0.00119 3 8 
765 0.87 0.00003 2 
337 0.69 0.00063 3 9 
418 0.89 0.00044 15 
5 4 7 1.06 0.00059 2 0 
8 8 0.48 0.00882 246 
69 0.71 0.00971 299 
7 9 0. 78 0.01097 251 
9 9 0.49 0.00428 306 
6 3 0.49 0.00501 199 
9 0 0.54 0.00453 17 5 
91 0.55 0.00516 130 
7 6 0.37 0.00314 112 
7 1 0.57 0.00872 324 
Ill 0.51 0.00310 102 
8 3 0.63 0.00546 159 
7 8 0.52 0.00171 9 4 
110 0.56 0.00001 
229 0.43 0.00020 I 0 
211 0. 73 0.00141 4 5 
8 2 0. 75 0.00614 25 3 
113 0.86 0.00493 136 
151 0.69 0.00342 126 
93 0.84 0.00442 192 
112 0.82 0.00309 9 9 
9 2 0. 78 0.00560 242 
7 7 0.76 0.00410 252 
204 














































































204p b 204 204p b 
+ corr'd Pb corr'd 
- 207 Z.06 ~ 208 :Z32 + corr'd + 
Pb/ p b Pbt Th - 23sU706Pb -
1 8 0.041 
29 0.032 


















































7 0.00160 10 190.6 
1 0 0.00158 1 7 186.4 
12 0.00166 23 185.4 
6 0.00178 1 2 184.3 
1 0 0.00180 15 183.4 
7 0.00155 1 7 182.8 
1 3 0.00232 3 8 182.0 
6 0.00161 14 181.8 
6 0.00182 11 179.3 
11 0.00162 23 178.1 
7 0.00166 11 175.2 
2 0.00202 6 173.7 
7 0.00204 1 9 173.6 
3 0.00193 8 173.7 
5 0.00205 9 169.6 
187.9 
0.00099 9 4 182.4 
4 4 0.00038 7 4 179.8 
5 0 0.00208 134 176.4 
33 0.00098 90 174.1 
29 0.00151 72 173.0 
23 0.00162 5 5 171.2 
19 0.00244 72 167.1 
166.2 
2 0.00171 49 166.0 
2 7 0.00214 6 3 160.2 
1 5 0.00215 5 0 158.9 
4 0.00274 1 7 157.7 
3 0.00240 1 5 156.9 
8 0.00280 23 121.0 
4 3 0.00173 8 7 155.3 
2 3 0.00206 4 6 154.3 
2 0 0.00239 5 3 153.1 
3 2 0.00204 5 9 152.3 
1 6 0.00187 3 3 151.3 
0.00110 8 0 151.3 






















































































































































































































204 204 }°6 
Grain.spot Pb* ppm U ppm Th ppm Th/U Pb 'pd b + 
uncorr -
% 206 p b Pb corr'd 
common@ 
208











East porphyry 98-610 
9.1 3 


































































81 0.66 0.00255 138 4.09 
120 0.84 0.00012 9 0.20 
6 7 0.69 0.00039 3 3 0.62 
101 0.76 0.00560 137 8.97 
143 0.82 0.01351 180 21.62 
9 9 0. 70 0.00001 8 7 0.02 
278 0.69 0.00205 6 2 3.29 
121 0.68 0.00230 172 3.68 
335 0.54 0.00009 3 
270 0.57 0.00076 1 9 
749 0.90 0.00048 15 
677 0.85 0.00073 20 
433 0.74 0.00107 24 
669 0.83 0.00086 3 2 
1552 1.22 
857 0.92 0.00016 9 
311 0.71 0.00080 35 
492 0.70 0.00080 2 2 
578 0.93 
617 0.76 0.00026 11 
456 0.74 0.00040 13 
5 87 0.99 0.00115 4 5 
337 0.67 
420 0.69 0.00073 2 1 
352 0.54 0.00063 21 
280 0.54 0.00072 2 1 
514 0.75 0.00013 4 
459 0.66 0.00110 3 7 
223 0.46 
485 0.59 0.00098 2 1 
191 0.41 0.00127 31 
268 0.46 0.00097 2 5 
526 0.79 
196 0.62 0.00137 6 8 
724 0.80 0.00071 2 2 
504 0.78 0.00040 18 





































































































corr'd Pb corr'd 
201 Z06 :!:_ 208 h }32 :!: 
Pb 






































2 2 0.00163 5 4 
4 0.00279 1 7 
8 0.00318 25 
2 3 0.00210 5 1 
3 3 0.00252 6 7 
1 5 0.00280 3 6 
1 0 0.00189 2 5 














































4 0.00153 8 
4 0.00160 10 
4 0.00163 1 1 
2 0.00168 5 
6 0.00158 13 
2 0.00193 7 
3 0.00154 9 
5 0.00133 1 7 
4 0.00146 13 
2 0.00182 6 
11 0.00151 23 
4 0.00161 7 
























































































































































































































































204p r)6 204 o/l 206p b Pb corr'd 
Code Grain.spot Pb* ppm U ppm Tb ppm Tb/U b ~ b + 0 208 ~06 + 
uncorr - common@ Pb Pb -
Bench porphyry 98-603 
15 . l 1 92 89 0.96 0.333 40 
2.1 4 714 430 0.60 0.00141 39 2.26 0 .178 1 5 
14. l 2 407 194 0.48 0.00197 74 3.15 0.152 28 
11.1 2 411 191 0.47 0.00190 50 3.03 0.151 2 1 
10.l 2 324 135 0.42 0.00282 82 4.51 0.115 33 
9.1 4 736 417 0.57 0.00063 28 1.01 0.164 1 1 
1.1 2 455 246 0.54 0.00081 28 1.30 0.158 12 
5.1 3 538 367 0.68 0.00061 27 0.97 0.212 1 2 
12.1 4 752 487 0.65 0.00077 24 1.24 0.197 1 I 
4.1 4 674 420 0 .62 0.00042 16 0 .68 0.203 9 
6.1 5 811 659 0.81 0.00055 21 0.89 0.244 9 
8.1 6 937 813 0.87 0.00030 1 7 0.48 0.271 9 
3.1 2 348 204 0.58 0.00034 19 0.55 0.192 1 1 
7 .1 4 683 416 0.61 0.00048 24 0 .77 0.174 10 
inber 13 . l 1 2 270 276 1.02 0.00003 2 0.05 0.328 4 
N * Radiogenic Pb: corrected for laboratory common Pb using 204Pb. 
VI 
-
204 Pb not detected. VI 
# Inherited grain, omitted from the calculation of mean age. 
@ Percentage of total 206 Pb that is common 206Pb. 
Analytical uncertainties one standard error in the least significant figures. 
204 p b 204p b 204 
Pb corr'd 
corr'd + 208 712 ::': corr'd + 
201 Pblo6p b - Pb Tb 21gU J°6p b -
0.067 2 0.00177 22 195.0 8.0 
O.Q38 6 0.00147 1 3 200.9 2.5 
0.045 1 2 0.00163 30 195 .3 3.4 
0.050 9 0.00168 24 193.4 3 .6 
0.038 1 3 0.00144 41 191.3 4.6 
0.041 5 0.00152 1 1 191.0 2.7 
0.040 5 0.00154 12 190.0 2.7 
0.044 5 0.00164 9 189.4 2.3 
0.045 4 0.00161 10 189.1 3.1 
0.046 3 0.00173 8 187.7 2.5 
0.043 4 0.00160 6 187.5 2.1 
0.044 3 0.00167 6 186.8 1.9 
0.050 4 0.00177 1 1 186.2 2.6 
0.044 4 0.00155 9 184.6 2.1 
0.052 1 0.01181 21 27 .2 0.3 
207 
Pb corr'd 





33.8 4 .8 





35 .0 1. 7 
32.4 1.3 
33.8 1.1 
35 .7 2 .2 
31.3 1.8 




PbJ33 p b 
age 
33.0 
32.0 
32.9 
33.2 
33.6 
33 .7 
33 .8 
34.0 
34.0 
34.3 
34.3 
34.4 
34.5 
34.8 
232.8 
± 
1.4 
0.4 
0 .6 
0.6 
0.8 
0 .5 
0.5 
0.4 
0.6 
0.4 
0.4 
0 .3 
0 .5 
0.4 
2.6 
~ g 
&. 
;>< 
~ 
c 
.!.i 
9"" 
~ 
0. 
~ 
PJ 

